
/' /' ;i
/

NASA Contractor Report 195468

Task 7_Endwall Treatment Inlet Flow

Distortion Analysis Final Report

E.J. Hall, D.A. Topp, N.J. Heidegger, G.S. McNulty,

K.E Weber, and R.A. Delaney

Allison Engine Company

Indianapolis, Indiana

May 1996

Prepared for

Lewis Research Center

Under Contract NAS3-25270

National Aeronautics and

Space Administration





Preface

This report ',',,as prepared by E<tward .1. Hall. 1)avid A. Topp. Nathan J. Hei(leg_;er. G.

Scotl McNully, Kurl F. Weber, and Robert A. l)elaney of the Allison Engine ('Olllpall}'.

ln(liat_apolis. IN. The wor].: was perti)rmod under NASA ('Ol_Ira('l NA53-25270 froth l:el)t'u-

ary. 19931o April. 1995. Pritwipal investigator for this l)rogram was Edward J. Itall. The

Allison l'ro_ratn Manager for lhis conlra('l was Rol)erl A. 1)elanev. 'I'llo NASA l'r(>.iocl

Manag+,r was ('hristol)hc't+ J..',,iiller.

Acknowledgements

The aut hor,_ wonl(I liko 1o oxpross their apprecia!ion 1o the following l)eol)h' who con-

trilmted lo this l)rogratn:

l)r. ('h]'islol)her J. Miller. NASA Lewis l{es,.,ar('h ('enter. ti+t" his sugg,_,stions and ('ri'ti('al

review of the l)ro_ram

I)r. An(It+oa At+none. l+tfiversily of Flc, relwe, fi)t" his assistance v:ilh the development of the

muir ip_;rid atl(I imFdicil solulion algoril hms. and for the us,c+of the codes T/L4 I.'.H)..II:'IHP)Y'.

and +FOAl('

N. l)uam+' Xlelsou. N.XSA l,angh'y t.t(,:.search ('enter. for his cOC,F,erative di:.,('ussi++ns concerti-

lug tho it(,ralive iml)licil flow Mp..;orithm

l)r. I';(1 (;reitzer. Massachesetts h, sli'tute of Teclmology. and l)r. Bud l,akshminarayatla.

t)+,lltlsvtvauia State t'niversity, tor their insight a n<l suggestions ('ot_cernin_ endwall lr<'at-

ttIOlll fl()wfi('hls

I)r. All Ameri. NASA I,ewis Research ('enlet', and 1)r. Okey Kwotl. Allison. for 'their helt>ful

discussions <'oncerninN turt)tlhmc,+" mod,_'linp_;

:\u_ela Quealy. l)ale ttublet', and Scott Townsend. NASA Lewis Research ('enter +. and tlelen

Wang. Ilassan Akay. and Akin Ecer. Indiana [:niversity-Ptlrdue University at lndianatmlis.

for their assistance in develol)ing tho F,arall,t'l ('Oml)uter flow solv(,r

The tnend>ors of the NASA Lewis Resoarch (%nler (;VIS l.al>, for their assisalat+<'e in

t)roducitlg the aninlation.s of'the 3-D computational lluM <lynantics solutions





Contents

3

SUMMARY

INTRODUCTION 3

2.1 l)escriptio,I of ('onlpressor Stability and (lasin_ Treatment ......... 3

2.2 1)es('ril)tion oft!on,presserS,ability and Inlet Distortion ........... 7

2.3 ()b.iectiv('s of tim 1)resent Study ......................... 9

.11)1_.,1 ( '07

3.1

3.2

NAVIER-STOKES NUMERICAL ALGORITHM 13

Not,dinlensiot_alizat ion .............................. 13

(;overning Equations ............................... 1,1

3.2.1 Vet:tot Form of Navier-Stokes t'_qualions ................ 1-1

3.2.2 lleynohls-Average(t Forlll of Naviel"ISlOkes E(lualions ......... 15

:3.2.3 (;overning Equations for Carlesian Solution .............. 16

3.2.1 (;ow_rning Equations for (:vlin(h'ical (!oordinale Solution ...... 19

3.3 Hui(1 l)rot)erties ................................. 20

3..1 Nunlerical l,'ormulation .............................. 21

3.[.1 l"inile Vohlme I)iscretization ...................... 21

3A.:2 l{unge-Kulla l'ime Integration ..................... 27

3.-1.3 1)issil)alion Function ........................... 31

3.-1.-1 hnt)li('it t/esidual Smoothing ...................... 32

3.1.5 MulliCrid (!onvergence Acceleration .................. :34

3A.(i hnl)licil Tin,e-Marching Algorilhm Procedure ............. 3(i

:3.5 Boun(lary (_onditions ............................... :3,_

3.5.1 St at,(tar(1 lnitow/Oulflow Boundary Procedures ............ 40

3.5.2 Solid Surface Boundary Procedures ................... 40

3.5.3 Interblock (lOlnmuni(:ation Boundary Procedures ........... 41

3.5..1 Non-Reflecting Intlow/Outflow Boundary (!ondition Procedures . . . -11

3.6 Turl)ulen('e Mo(lel ................................ 55

3.6.1 Algebraic (Bal(Iwin-I_omax) Turbulence Model ............ 57

3.6.2 Wall Functions .............................. 59

3.6.3 Two E(tuatiot_ _I_lrl)ttlence Model .................... 61

3.7 Overall .tDI'A('07 Ntnnerical Solution [)ro('edure . .............. 61

Code Parallelization 65

1.1 lid ro(Itwt iolt .................................... 65
65

.I._ l)arallelization Strategy .............................

1.3 I)es('ril)ti(m of tit( + :11)1t4 ('07 Parallel hnl)lenwntalion ............ 66

1.1 l)omain I)e('omposilion ............................. 69

°,,

III



4.5 ,glXPA('(Block Subdivision) Program ..................... 69

4.6 BA('PA(' Block Reconstruction Program ................... 70

1.7 Load Balancing via Block/Processor Assignment ................ 73

4.S Serial/Parallel Solulion Sequence ........................ 7-1

4.9 Performance of the .4DPA('07 code in Parallel ................ 75

_21.10 (',eneral Summary of 1)arallel (!omputing Experience ITsing; A DPA('07 . . .

ENDWALL TREATMENT ANALYSIS DESCRIPTION 85

5.1 Endwall Treatment Boundary Condilions ................... N5

5.2 Treatment Modeling Mesh Generation ..................... s7

5.3 ADP.t('Sotution Sequence for Endwall Treatmenl Flowfield Analysis .... _9

6 ADPAC07 VALIDATION TEST CASES 91

6.1 Turl)ulenl Boundary Layer on a Flat Plate ................... 91

6.2 Bachalo and ,lohnson Transonic Buml) Rest Case ............... 92

6.3 Mark II Turbine Vane (:ascade ......................... 9-1

6.t VBI Vane Test of Non-Reflecting Boundary Conditions ............ 99

6.5 Vortex Shedding Behind a (_ircular (_ylinder ill ('rossflow .......... 1(17

6.6 Petal State Research ('ompressor Rotor/Stator/Rotor lntm'action ...... 119

6.7 Advanced Small Turt)oshafl (!ompressor (AST(!) Wall l;'unclion l)emonslra-

tion Calculation .................................. 12(I

6.s NASA Rotor 67 Serial/Parallel Comparisoll .................. 122

6.9 Advanced Small Turboshafl Compressor (AST(') Parallel ADPA('07 Ro-

tor/Stator Aerodynamic Interaction Analysis ................. 12.1

7 STEADY STATE CASING TREATMENT ANALYSIS WITH NO IN-

LET DISTORTION 129

7.1 MIT Staler Vane with Axial Skewed Groove Casing Treatment ........ 129

7.2 NASA Rotor 5 with Axial Skewed ('reeve Casing Treatment ......... 133

7.:_ AE3007 Fan I{otor Treatment Configuration Stu(ly .............. 14t

7.-1 Summary of Steady Stale No Distortion Predictions ............. 152

TIME DEPENDENT CASING TREATMENT ANALYSIS (NO DIS-

TORTION) 153

S.l NASA Rotor 5 with Axial Skewed Slol ('asing Tl'eatnlel|! ........... 153

S.2 AE3007 Fan Rotor with Re('essed Vane Casing Treatment .......... 155

s.3 Summary of Tilne Dependent No Distortion Predictions ........... l(i0

STEADY STATE CASING TREATMENT ANALYSIS WITH INLET

DISTORTION 163

9.1 Radial Flow Distortion Analysis ........................ 163

9.1.1

9.1.2

9.1.3

9.1.4

9.1.5

9.t.(i

Introduction ............................... 163

Grid Generation ............................. 16,1

Distorte(l Inlet Profile .......................... 165

Solution Procedure ............................ t65

ADf_I('07 Results and Discussion ................... 167

(;rid Density Sensitivity ......................... 173

iv



10 TIME-DEPENDENT CASING TREATMENT ANALYSIS WITH IN-

LET DISTORTION 181

10.1 AE3007 Fan Rotor (lircumforel,tial How Distortion A,,alysis ........ 1,_1

I0. I.I M('_h Detlsity St1,(Iv . .......................... IS l

10.1.2 l'arallol l)('rforma_('e SIN(Iy . ...................... IS l

10.1.3 ('ir(',_H_f(,ro_tial Dist()rti(m lles_It_ ................... ISS

10.2 AI'_:_()()7 l'_ll,_iH(, l:_Jl .q(,('tio,i lillet Flow I)istortion Simulation ........ 193

10.2.1 Xlosh (lell(,ratioll ............................. 1.()3

10:2.:2 _i(,sh I)(,l,sily/Flow ('ol,(lition Study .................. 19(i
1().2L3 Results .................................. 1.gt'i

11 CONCLUSIONS 201

A _t DFA('07 Utility Program Developments 209

A.I I_A I'('tlI"INI)ER lTtility l)rogram ........................ 20.9



List of Figures

2.1 Sample compressor operating characteristic at constant speed ......... 4

2.2 (_roove/slo! casing treatment geometric descriptions .............. 5

2.3 Recessed vane casing treatment geometric description ............. 6

2.4 Effecl of inlet distortion on axial compressor performance and stabilily (nine

stage compressor) ................................. 7

2.5 Effect of varying dislortion sector angle on compressor stall margin .....

2.6 Effec! of dividing distortion sector angle on compressor slall margin ..... 9

2.7 Illustration of active response of inle! flow distortion to compressor (dashed

line illustrates deviation due to eft'eel of compressor on local distorlion). . . 10

3.15

3.16

3.17

:3.1 ,,IDPA ('07 ('artesian coordinate system reference. ............... 17

;3.2 ADt{I('07 2-D single block mesh structure illustration ............. 22

3.3 ADI{4('07 2-D two block mesh struclure illustration .............. 23

3.4 ,,IDPA('07 2-D multiple block mesh structure illustration ........... 2-1

3.5 Three-dimensional tinite volume celt ....................... 26

3.6 ADI_4('07 finite volume cell centered data configuration and conw,ctive tlux

ex,aluation process ................................. 2S

3.7 A DPA('07 finite volume cell centered data configuration and diffusive ttux

evaluation process ................................. 29

3.S Multigrid mesh coarsening slralegy and mesh index relalion ......... 34

3.9 Multigrid V cycle strategy ............................ :35

3.10 2-D mesh block phantom cell representalion .................. 39

3.11 et DPA (-'1)7 contiguous mesh block coupling scheme ............... 42

3.12 Time history of pressure traces for a 1-I) pressure wave traveling in a Mach

0.00 (stationary) flow. demonstrating the advantages of non-reflecting bound-

arv conditions ................................... 45

:3.13 Time history of pressure traces for a I-D pressure wave traveling in a Mach

0.67 flow, demonstrating the advantages of non-reflectinp; t)oundary conditions. 46

3.1.1 ('Oral)arisen of :tDt_A(W7 resulls for an oscillaling flat plate cascade with

the Smith linear tlleory examining the effect of shorloning Ill(, (listance to

the computational boundaries and the effecl of a non-reflecting boundary

condilion on the shortest mesh .......................... -17

Slati(' pressure contours aJ the casing for Rotor 67 on lhe lonp_.;grid using the

original turl)omachinerv boundary conditions .................. 55

Static i)ressure conlours al the casing for Rotor 67 on lhe shorl grid using

the ol'ip__;inal lurbontachhlerv boundary conditions ................ 56

Static pressure contours al the casing for Rotor 67 on the shorl grhl using

tile new non-reflecting boundary conditions ................... 56

vi



3.1SNear-wallcomputalionalstructurefor wall fun('lionlurbulencemodel.... 60

1.1 Improve(]connnunicationscl,emereducesmemoryrequirements....... ['is
1.2 I_oundaryconditiongeneralionI)etweel_n(,ighl)ori,,gblocksoften resultsin

largellIllllt)el'sof l)alches............................. 71
1.3 ('areful l)lockdivisioncan l)wserve levels of multipgvi(l ............. 72

•1.4 ('omparison of(!PU times for a l)roblem sub<livided over a range of l>rocessors. 77

1.5 ('oml)arison of spee(I factors for a l)roblem sut)divi(le(I over a range of pro-

cess()rs ....................................... 7!)

1.6 (!Oml)arisoll of st>ee<l fa<'Iors for larger l)roblems run on more l>rocessors... SO

-1.7 (!Oml)arison of ('I)U times for larger l>rol)lems run on more l)rocessors .... Sl

l.S (!Oml)arison of sl)eed fac)ors for a single l)rol)lem run on more 11S601)0 l)V<>-

cess<)rs ....................................... ._3

5.1 t';ndwall treatment numerical boundary con<lilions ............... s(i

5.2 En<lwal] trealmenl mesh gellerati<m using 171;(;31) .............. SS

5.3 AI)I)A( ' sample iteration/mass flow rate history for a ('OllSlalll st)eel] ol)er-

aling; chara<'teristic 1)re(liclion .......................... 90

6.1

6.2

6.3

(i.l

(i.5

6.6

6.7

(i.S

6.!)

6.10

6.11

6.12

6.13

6.11

6. I5

6.16

Flat l)late turbulent boundary laver velocity I)rofile <'Onhl)arison ........ 92

Flat plate lurl)ulen( l)<)un<lary layer surface skin friclioll ('oeflicienl contt)arisoll. 93

Ba<'halo and .]ohnson test ('as(, l(ilx73 2-D algebraic mesh ........... 95

(!Oml)arison of i)redicle<l and experinmntal surface slatic pressure ratio for

tia('halo and .]ohnsotl transonic axisymmetri<" buln l) lest ('as(, (M=().S75). 95

( !<)ml)a rison o[" I)re<li('ied algebraic model (upper) and 2-equation model (lower)

ma<'h nunll)er contours for Ba('halo an<l .lohnson transonic a xisynunetri('

blimp lest ('as(" (M=0.N75) ............................ 96

1!)3x3:) 2-I) mesh svslem for Mark I1 turbitle ,,,a lie cas('ade. ......... 9,_

('omt)arison of experimental and l)redicted airfoil surface stall(" to inlel total

pressul'e ratio for Mark II turbine vane cascade. ................ 100

(:ontparisoll of exl)erimelltal and predicted airfoil surface heal transfer coef-

ticient f<)r Mark II lur[)hw vane casca(le. .................... 101

\TBI Valle shorl gri<l and long grid boundary outlilms and vane exit <tata plane

location ....................................... 102

|';xit plane Mach number COlltOll['S for the VBI vane for various gri(] lengths

and boundary condition confl)inations ...................... 103

Inviscid vane surface slatic pressure (lislril)ulions along 11l(' mi<lsl>an of the

VBI vane ...................................... 101

('omparison of inviscid and viscous 1)redicted midspan vane surface stalic

l)ressure dislril)ulkms for Viii vane ....................... 105

(!,)mt)arison of midsl)an blade to blade l>lane and exit plane (l/-I chord aft

of lrailillg; edge) l)redicled Math ('ont<)urs for the VBI vane .......... 106

('Oml)arison of midspan blade 1o blade plane and exit l>lane (l/-l chord aft

()[' lrailing edge) I)redicled static pressure ratio contours fox" the VBI vane.. 10(i

Schematic illustration of vorlex shedding t>ehind a circular cylinder in cross-

[]<)w test case (Reynolds Illllllber = 200.0) .................... 107

161x65 l)olar mesh fi)r 2-I) vortex shedding behin<l a <'ir<'ulav cylinder in

crossllow lesl case (l{eynolds number = 200.0) ................. 10S

vii



6.17

6.1_

6.19

6.20

6.21

6.22

6.23

6.21

6.25

6.26

6.27

6.2_q
6.29
6.30

6.31

Predictedlift anddragcoetfienttime historiesfor circularcylinderm cross-
flow test case(Reynoldsnumber= 200.0,no multigrid. 40 time stepst)er
oscillationcycle).................................. 109
Predictedlift anddragcoeffienltime historiesfor circularcylinderin cross-

flow test case (Reynolds numt)er = 200.0, no multigrid. ,_0 time steps t)er

oscillation cycle) .................................. 110

Predicted lift and drag coeffient time histories for circular cylinder m cross-

flow test case (Revnol(ls number = 200.(l, no multigrid, 160 time stet)s l)er

oscillation cycle) .................................. 111

Predicted lift and drag coeffient time histories tor circular cylinder m cross-

flow test case (Rewmlds Immber = 200.0, multigrid, 40 lime steps per oscil-

lation cycle) .................................... 112

Predicte<l lif! and drag coeffient time histories for circular cylinder m cross-

flow test case (Revnol(ls number = 200.0, multigrid, s0 lime slops t)er oscil-

lation cycle) .................................... 113

Predicted lift and drag coeffient time histories for circula)" cvlin(ter m cross-

flow test case (Reynolds number = 200.0, multigrid, 160 time slel)s 1)er os-

cillation cycle) ................................... 11.1

Predicted lif( and drag coeflient time histories tbr circular cylinder m cross-

flow test case (Rewmlds number = 200.0. no mulligrid, 10 tin,o slei)s per

oscillation cycle, highly converged) ........................ 115

Predicted lift and drag ('oeffient time histories for circular cylinder )n cross-

flow test case (Rewmlds number = 200.0. multigrid, 40 time steps l>er oscil-

lation cycle, highly converged) .......................... 116

Predicted instantaneous streamlines for vortex shedding behilld a circular

cylinder (Reynolds nund)er = 200.0) ....................... 117

Hyl)rid O-H mesh system for Penn State research coml)ressor )'el or/stalor/rolor

interaction analysis ................................ 120

Penn State research coml)ressor rotor/staler/rotor interaction analysis - pre-

dicted instantaneous enlrot)y contours ...................... I21

ADPA('07 predicted surface static pressure contours for AST(' compressor. 123

Serial and parallel sollllions of Rolor 67 converge to the same answer .... 12,5

Single block and multiple block solutions for Rotor 67, run on a serial com-

puter, differ slightly. ............................... 126

Predicte(I velocity magnitude contours for AST(I compressor A D1L, t('07 ro-

tor/stator aerodynamic interaction analysis ................... 127

7.1 MIT comt)ressor research rig illustrating staler hub t rea(ment geometry... 130

7.2 MIT stator and axial skewed slot en(lwall treat lnent geolnetrv. ....... 130

7.3 MIT staler multiple block mesh system ..................... 132

7.4 MIT stator multiple bh)ck mesh systenl illustrating skewed axial slot endwall

lreatment mesh .................................. 133

7.:5 Corot)arisen of predicted and ext)erimental inlet and exit radial total pressure

coefficient protiles for non-treated MIT staler. ................. 13.1

7.6 (:omparison of l)redicted and experimental inlet and pxit radial tolat l)ressnre

coefficienl pro(iles for I teated MIT staler .................... 135

7.7 Predicted tlow visualization of MIT staler with smooth elldwall ....... 135

7.S Predicted flow visualization of MIT stator with treated endwatl ....... 136

viii



7.9 NASARotor5 gc,ometryanddesign])efforman<'esunnnary. ......... 136
7.10NASARotor5 skewedaxial slotendwalltreatmentgeometry......... 137
7.11NASARotor 5 skewed axial slol endwall treatnlen[ geometry ntei'i<tional and

blade to blade mesh system ............................ 137

7.12 NASA Rolor 5 skewed axial slol endwall lrealmen! geOlllelry axial plane

mesh system .................................... l :IS

7.13 ('Omlmrison of 1,'e<licted and experimenlal 100% speed pressure ratio vet'-

sus mass ttow ol)eralin _ characteristic for NA.';A Rotor 5 with a,d with<>tll

skewe<l axial sh>t en(lwall treatment ........................ 139

7.14 (!omparison of t)re<licled and experintental 100% spee(l efficiency versus mass

fl<>w <)l)eralin_ <'hara('terislic for NASA Rotor 5 wit h and without skewed axial

slol e.<lwall lreatntent ................................ 140

7.15 ('Oml)aris<)t_ <)["predicted and exl)erimetltal radial total tetnl)erat ur(' dislril>u-

ti<),ts for NASA Rotor 5 with an(l without skewed axial slot en<lwall treatntelH. 111

7.16 ( 'Oml)arison of l)redicte<l art(1 exl)el'imenlal radial total l)ressure (list ril)ul ions

for NASA Rotor 5 with and without skewed axial slol en(twall lr<'atlllenl. 1.12

7.17 ('<)mparison of l)re(licted and ext>eritnenta] 10()(/ speed total [)ressllre ratio

att(l eflicielwy versus mass flow <)I)erating: characleristic for A]'::l()()7 fan with

cir('tmll'eretHial p.;r<)ove ('asitl_: treatment ...................... 115

7.1S (lOml>arison of l)re<ticted att(l experintental 10()(/ st>oe(t total l)rossure ratio

and efficiency versus mass flow oI)eratinp; chara('lerislic for AE:_007 fan willt

axial sl<>l casing_: t reattnent ............................. 116

7.19 ('<)ml)arison <>["])re(li('te<l and experimental 100% speed t<>lal pressure ral io

and efficiency versus mass flow operaling <:ha racteristi<" for A1'13007 fan wit h

blade-an_le slol casing lreatnmnl .......................... [16

7.20 (!omt>arison of l)re(licle(I and experimental 100% speed tolal pressure ralio

versus mass flow operating characteristic for AE:'1007 fan wit h re<'esse<] vane

ca sin_; t realm(mr .................................. l.17

7.21 Predicte(l clearance [low ])article traces and rolor surface stalic pressure con-

tours for A1':30()7 fan with solid endwall (no trealtnent) ............ l-IS

7.22 Predicie<l cleal'an('e flow particle traces and rotor surface static pressure con-

tours for AF+:_,()()7 fan with cir('umferential groove en<lwall lreatnlonl ..... I IS

7.2:) Predicted clearance flow particle traces and rotor surface st alic pressure con-

tours for AI!+':1007 fan with axial slot en(Iwall treatment ............. 1.19

7.2-1 Pre([icled clearance [l<)w ])article Iraces and rotor surface st alic pressure con-

tours for AE:!I0()7 fan with l)lade-angle slot endwall lrealmenl ......... ]-19

7.25 t'redicte<l clearance flow parti('le traces and rotor surface static l)ressure con-

tours for AE3007 fan with recesse<l vane endwall treatment ........... 150

7.26 AE:{007 fan treatment configuration stu<lv sunlnlary of axis.vmmelric aver-

aged et,(lwall flow t)ehavior. ........................... 151

S.I NASA Rotor 5 mesh summary illustrating intermediate mesh used to couple

blade passag:e and treatment passage mesh systems .............. 151

s.:2 Pre<licte<l instantaneous static pressure contours (axial plane) and slalic [)res-

sttre <'olttottr linos (radial l>lane) for NAS-\ Rotor 5 rotor/endwall treatment

a(,ro<lyt+antic interaction a tmlysis ......................... 156

tS.3 1)re(licled instal|taneous treatnwnt slot velocity vector l)atl('rt_s for N+AS:\

Rotor 5 r<>tor/et,dwall treatluent aerodynamic interaction analysis ...... 157

ix



_.4 Con_parison of predicted near rotor tip blade loading tbr baseline (no treat-

ment) and treated (time-average of rotor/treatment interac!ion) solutions.. 15S

S.5 Comparison of time-dependent predicted and experimental 100% speed total

pressure ratio versus mass flow operating characteristic for AE3007 fan with

recessed vane casing treatment .......................... 159

,_.6 Predicted instantaneous static pressure contours for A1",3007 fan rotor with

recessed vane casing treatment (45(X. axial chord) ................ 160

9.10

9.11

9.12

9.13

9. i4

9.1 (!Oral)arisen of the standard (no groove) casing with the 5 groove endwalt

casing treatment geometries ........................... 16.1

9.2 Meri(lional projection of H-type mesh for AE3007 fan rotor with circumfer-

ential groove endwall lreatnlen! used for radial distorion study. ....... 166

9.3 Total l)ressure inlet profiles ............................ 167

9.4 Pressure ratio and efficiency for the AE3007 fan rotor. ............ l(i_

9.5 Comparison of predicte(t and experimental radial distributions of toial pres-

sure ratio, total teniperature ratio, efficiency, an(l swirl velocity for the

AE3007 fan both with and without circumferential groove endwall lreatInenl.

and with and without lip radial distortion at peak efficiency. ........ 169

9.6 (!omparison of predicte(l and experimental radial distributions of total pres-

sure ratio, total temperature ratio, efficiency, and swirl velocity for the

AE3007 fan both with and without circumferential groove endwall treatment.

and with and without tip radial distortion at near-stall ............ 170

9.7 Relative Math number (:onlours located at the tip radial l)lane at peak ef-

ficiency and no inlet distortion for both the standard casing (upper) and

endwall treated (lower) configurations ...................... 171

9.g Relative Mach number contours located at the tip radial l)lane at near-stall

and no inlet distortion for both the standard casing (upper) and endwall

treated (lower) configurations ........................... 172

9.9 Relative Mach number contours located at the tip radial t)lane at peak ef-

ficiency with ti I) radial distortion for both the standard casing (upper) and

eudwall treated (lower) configurations ...................... 172

Relative Math immber contours located at the tip ra(liat plane at near-siall

with tip radial distorlion for both the standard casing (upper) and endwall

treated (lower) configurations ........................... 173

('ircumferentially-averaged velocity vectors (shaded by pressure)for peak

efficiency ot)erating point without distortion. Figure shows region fl'om blade

leading edge to blade trailing edge and from 97% to l()3(X radial span .... 174

(!ircumferentially-averaged velocity vectors (shaded I)3" t)ressure)for near-

stall operating point without distortion. Figure shows region fl'om })lade

leading (,(1Re to blade trailing edge and from 97(/( to 103(/( radial span .... 175

(!ircumferentially-averaged velocity vectors (shaded I)y pressure)for peak

efliciency operating poini with inlet distortion. Figure shows region from

blade leading edge to blade trailing edge and fl'om 97(/( to 1()3% radial span. 176

(iircumferentially-averaged velocity vectors (shaded t)v pressure) ['or near-

stall operating point with inlet distortiolt. Figure shows region from blade

leading edge to t)lade trailing edge and from 97(Z to 103(X radial span .... 177

X



9.15 Prossuro ratio and efficie,wv Sl)eedlhws ( IO0_X corrected speed) showing com-

t)ariso,, t)e|lWO(,ll |wo e.;rid dOliSiti(,s. Filled symbols represonl .tim _rid solu-

lious, opeu svlnbols rel)resenl coar._t grid solulioiis ............... 17S

10.1 Xlultil)lo-block nlosh ._vslem for ,\E3007 circunlf_,'elllial illl_'I tlow dislorlion

slu(Iv ........................................ IS3

10.2 (!oiiiparisoli o[ lirodici('d and (,xporiiii(,lila] t)rossliro ratio versus liias._ tlow

characl(,rislic for liie At';:/007 fan (100_/_ corrected spe0d) ........... 1,_5

10.3 ('oiiiparisOll o]' predicted alia oxi)orhnc'lilal ottici0nc v vorSllS mass flow ciiar-

acl(,ri.slic for llie AE:I007 fan ( 100(X correclod Sl)('('d) ............. 1,_6

l(I.-1 hillow and oulflow axial total pro.ssure conlour t)atlern for AE3007 ch'cuni-

['orolilia] distorlion ca]culalioli (lilit l'(,aled rotor, iioar stall oporaling point ). l'q9

10.5 hiflow and oull<low axial plane total pressure contour pailern for Al']:/007

circu ni f(,ronlia] (lisl ortion caiculal ion ( i roalod rolor, near sl all Ol)('ralhi _ poinl ). 190

10.6 hislalilanoous predici('d radial disiril)utioli of cirCllilifl'reliliallv a\'el'atod lo-

ta[ ])I'eSSIIl'O profiles for several blade l)assages of tile Al']:1007 Jail rolor (1111+

lroaled) wilh circuinferenlial inl(,1 dislorlion .................. 191

10.7 AE:i007 (,lig;ili(, llowpath and T[(;(;;7]) block boundary i]]uslraiion ...... 191

l(i._ AE:I007 eli_ili(' flowpaih and ADPA('07 block iiunil)(,rin_ ilhistralion .... 195

10.9 I)redicled Siil'fac(' sial ic ])rosstlr(' ('OUlitOlil'S and liear Sllrl'ac(, st roaliliiliOS for

lhe AE3007 fan (Ma(']i=().2, a n_l(' of attack=20.0 (lep4ro('s) .......... 19(i

10. l()Pre(li('t('d iliMalilali(_OllS Sllrfac (_ slali(' I)l'eSslir(' ('OlllOlirs for .\]+]30()7 Oll<_hio

siinulalion (Math=0.2, alip__;Ioof attack=30.0 (l(,grees) ............. 197

10.11Prodiclod hlsl.alllall('OliS l/oar fan face inlet total lir('ssuro ('Oll|Olll'S for the

A1:]3()()7 ('nl4ilie siniulation (51ach=0.2, angle of allack=30.0 doKreos) ..... l.gS

10.12]>l'_'dicled insl alllaiieOllS lioar ['ali face iiil('l lota] liroSsllrO ('OlllOilr,'-; for tile

Al:]:1007 euxine shnulalion (Maeh=0.2. angle o[' attack=30.0 dogr('es) ..... 199

A. 1 Approxinial(' wall clock i'tili lhiws for various PA T('HI"LYDER ll'sl case COli-

figjul'ations l'lill Oil a _ilicon (Iral)liics .11)-:i5 workslaliOll (5 XIF1A)I )) ..... 210

xi



List of Tables

6.1 Mark II vane cascade design t)aranmters ..................... 97

6.2 Sunnnary of ADPA('07 lift and drag coeflicien! and Strouhal nllill|)er i)redic-

lions for vortex shedding behind a circular cylinder in crossflow (Reynolds

number= 2011.0) .................................. llS

6.3 Summary of ADPA('07 (!PU times [br vortex shedding behind a circular

cylinder in crossflow (Reynolds number= 200.0) ................ 119

6.-1 ('omparison of predicled l>er|brmance figures for AS'I'(! compressor. .... 122

10.1 Summary of ADPAC07 parallel (!PU l)erformance Olt LA('E SP1 cluster for

circumferential distortion stud)" untreated rotor mesh ............. IS7

10.2 Summary of flighl <'on(litions for ADPA('07 engine/fan section distorlion

calculation ..................................... 193

NOTATION

A lisl of the symbols used throughout this document an<l lheir detinil ions is provided below
tot convenience.

Roman Symbols

a... speed of sound

el... skin friction coefficient
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Chapter 1

S UMMARY

The overall objeclive of 1his study ','+_ to dovelop _ 3-1) numerical allal':si_ for compres-

sor casing lreatmenl flowfields, and to perform a series of delaile<l numerical l)l'edicti<ms

to assess lhe eff'e('tivene,_s o[ various en(lwall tl't, allllonl,s ['or enhancing the e[liciel,('y and

,,,tall mar_in of too(left, hi e_;h speed fan rotors. 1)articular altonli()n was _iven Io exam ninR

lhe efii,<'liv(,ness of en(Iwall ll'0atmel|ls to ('C,Ulller 1]1o umlesir;tt)le offecls of inflow (lis_of

lion. The molivatiolL I)ehin<l fhis stll(1,v wa._ the relative I;_('k of l>hysical ull<lerslan([ill_ of

the mechatd('s as._<)ciated with the efli,('ts of en(lwall |realment.s and the availability of (le-

taile(I ('()llll)utatiollal ttlli(l <lvnamics (('F1))('odes whi<'h might l>e ii_ilize(l 1o _ain a I>etter

,ln<ler,_t_,,<lin_ of these ftow,_.

(!al('ulations were l)('rformed usin_ a cvlin(Irical coor(linale system I11ilizin_ three dill'of

(,nt _ri<l<lin_4 te('hni<lues based on the tyt)e of casing; treatmel_l t)('in2 tesle(] and 1he level

of c<)ml)lexily desired in the analysis. The interf_('e 1)etweet_ Ill(' ('aSill_ l['('atlll('nt }low all(]

_[he primary rotor tl<)wl)ath flow was a<l<tressed usiu_ eilher a direct c<)ul>le(t at)l)rOa<'h, a

t ime-avera?_;ed al>l)roa('h, or a time-accurate al)l)roach. In ea('h <'as(,. 1he ('asin_; Irealm(ml

itself is modeled as a discrete ot)ject in the overall analysis, aml 1he [low lhr()u_;h the ('asi_

lrea_men_ is (letermine<l as I)ar_ o[' the soh:i()n.

A series of cal('ulatioxls was l)erforme<l for l)oth treated a_l(l unlreato<t modern fan r(>lors

I)olh wit h a_,(l wilhoul intlow <listort ion. The ef['ectiv(,_,ess ()f t he vari(m_ treat melt1 s were

<lua_tilie(t. and seve_al l)hysi<'al mechanisms l)v which the effectiveness ofe_Mwall 1rear m(,nts

was a('hi('ve<t at'(' (lis<'ussed. This rel)ort r('l)resonts lhe cumulative efl'orls of Tasks (i ah(l 7

under .NASA (!<>ntra('l NA_3-2527().





Chapter 2

INTRODUCTION

2.1 Description of Compressor Stability and Casing Treat-

ment

(Mmpressor aerodynamic slabiliiy is a tnajor concert, for manufacturer's of gas turbine aiv-

<'l'a('l Ollgilles and industrial power plants. For a given shaft rotalional spee<t, lhe conll>ressor

mass [tow rate versus the overall total t)ressure rise characlerislic (often referred 1o as a

f'Ollslalll speed line) is colnnionly use<] as a nieasure for evahialing operating slabilil,v. ,\n

i[hislt'alion of a conslanl speed operaling cllaraclerislic is given in Figure 2.1. hnl)roving

lhe [tow margin belween file conipressor operating ])oinl and lhe siall-liniil poinl will. in

general, improve the usefiil operaling range of lhe engine. (:onipressors are normally de-

signed wilh a sig;nificanl excess flow niarp_;in io conipensate for faclors, which, over linle, can

degrade compressor perforniance and ullinlalely liniil lhe slab[e operalional doniain of lhe

conlpressor. Under niany conditions, unstable flow con{tilions are initialed in tile en¢lwall

tlow regions of a conipressor. If aerodvnanlic stall in lhe endwall region can be delayed, lhe

weight [low range (and hence, slabilily) of the conil)ressor may ]>e increased.

l.;xl>eritnenlal data [1].[2]. in<licale lhal compressor endwall treatmenls such as grooves.

slols (see Fig 2.2). arid/or recessed vane sels (see Fig 2.3) can e[feclively delay slall arid

increase lhe weighi flow range of a compressor, t'rince el. a l. [3] and Fujita and Takata [.11

examined nlany lypes of grooves ovel" a low speed rotor. Flow real ures in treallltelil gl'ooves

and in the rotor relative flow field were presented by Smith an<l ('Uml)Sty [6]. :%.sitnilar

If'eat lnenI (axially skewed grooves) was successfully apl)lie<l uilder a staler ++'all(' row(( 'heng

el al. [7]) and details of the vane passage flow field were illuniinale(t 1)v .Iohuson and (,re-

itzer [s]. \Vilh son/e Dalures of the flow field known, mechanisnis for tit(' stall niargin

iniprovenient were postulate<l. Flow injection (Takata and Tsukuda [5]) from the groow, s

and/or flow withdrawal into the grooves (,Johnson [s]) have been suggested as polenlial

mechailisnls by which bla<le row stall is delayed t)y endwall treatments. A well l>latine<l ex-

perinwnt by Lee at,d (;veiizer [9] showed both flow suction and injection front the Irealtnenl

•egion pi'odllced a stall margin ilnprovemenl.

.\nolher forni of casing treatment employs a large cavily ups'_reatn and over parl o[" lho

rol<_r lips. The cavily oflen has vanes enibedded in ]1 and such a "'recess vaned" casing

lreatttielll is showil tit Fi<0_;2.3. This lreallltelll [l(}] has t>een applied to velililalion faus and

si_;nificatgly increases the sial>le tlow rlrlllge. Miyake el al. [11] and Azimian el al. [12] [13]

have evahialed various characlerislics of lhis lreallllelil and have shown the general flow

sirllClilre ill the cavity and around the I'O|O['.
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The research to dale has uncovered lnany flow features of casing l reatnlenl, bill the

exact mechanism of the stall suppression and the relative eft'eel on performance imposed

by endwall treatlnents are not fidly understood. Computational fluid analysis has been

a reasonable 1)redictor of turbomachinery flow fields, and can be seen as a tool to aid in

understanding tile complexities of casing trealmen! tlow l)henomena. Previous att enll)ts to

compute compressor casing treatment flow fields are few in nunll)er, and have generally sl)ec-
ifie(I the resullanl tlow thi'oug]_ the treatment region t>ased on inference fi'om experimental

data [1J].

2.2 Description of Compressor Stability and Inlet Distor-

tion

It is well known that a compressor's stable operating range is seriously degra<le<l in lhe

l)reselice of inlet flow non-uniformities (i.e. distortion). In an aircraft application, engille

slabilit.v l)rol)lems can occur during rapid maneuvers or in strong cross-winds due to the total

pressure non-uniformities that are created at the comt)ressor inlet. Figure 2.4 illustrates
the substantial decrease in coml)ressor stall margin that was measured for a nine stage axial

compressor wit h a circumferential inlet distortion [15].

Inlet distortion patlerns occurring in aircraft systems are generally non-uniform ill 1)orh
the circmnferenlial and radial directiolls. To simI)lit_v testing, data correlation, and ana-

lytical study, these patterns are horn]ally decomp(>sed into 3 separate categories: steady

<'irculnferenlial, slea<ly radial an(1 unsteady dislortions [16]. lleasonal)le sltccess has been

ma(le in un(lerstan(liIIg tile effects of inlet distortion bv ill(iel)elldenl ly considering the slea<lv

circumferential (which tile rotor sees as an unsteady inlel flow) and radial tyl>es.
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There are several interesting features of a compressor's response to inlet distortion lhal

have been observed. Figure 2.5 [17] shows the effect of increasing lhe circumferential extenl

of the distortion on the compressor exit pressure at surge (as a perceltt of uniform inlet

value). It can be seen that tile deleterious effect of the distortion increases until a "critical"

angle of about 90 degrees is reached, beyond which no significant additional performance

degradation occurs. Figure 2.6 shows the effecl o[" taking the .90 degree distortion and

subdividing it into smaller sections such thai the sum remains constant. Even though
the overall extent is the same for these tests, the distort ions wilh slnallor individual seclors

show a reduced effect on compressor stability. In other words, dislorlions with low harmouic

conlent are more harmful than those with higher harmonics. Another important point 1o

understand is the strong interaction that occurs between the con_pressor an<l the distorted

flow field. As illustrated schentati<'ally in Figure 2.7 [17]. and discussed in Ref. [16], 1he

compressor plays an aclive role in delermining the velocity <lislril)ulion thai will occur at l]le

compressor face, which is what the individual colnpressor airfoils respond to. These resulls

indicate the important role thal unsteady fluid processes play in delermining a compressor's

response Io a disorted inlet,

Over tile years there has been much work lowards the developmen! of analytical lools

for the i>rediction of the effects of circumferential inle! distortion on compressor stability.

These methods range from correlalions of exl>erimental data [lS] to siinple analytical ap-

proaches, such as the well known compressor-in-parallel model [19]. These simple melhods

are routinely used in practice due to their demonstrated ability to predict experimental

trends. A significant drawl)ack is the costly amount of etnpirical data required as int)ut.

There has been some work to develop tools lhat actually model the important unsteady

physical processes an<t thus reduce the amounl of empirical input [20] [21]. These methods

are based on a hydrodynamic (linear) stability analysis of the assumed two-dimensional.
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hkcompressit)le distorled compressor flowfield. This approach has been shown to reproduce

known _'xl)erimenla] trends, such as the decrease in compressor stability wil h increasing; dis-

|Ol'liOll amplilu(Ie at_([ ch'cumferenlial exlonl, as well as tlw prediction era "'critical'" angle.

However. lhese models also rely on lhe inl)Ul of the steady-state pressllre rise versus [tow

charactm'islic for the compressor and this is the reason these models have nol been widely

adol>led by iltdUslry. The Rl'ealesl ('onlribulion of these lnelhods has been Ill(' increased

understanding of ph.vsical mechanisms thai they have t)rovided.

The 1)henomenal cOlnl)ulaliollal speed that is now availal)]( _ using current colnplltaliollal

tluid dvnalni(' <'odes on lnoderll C()lll|)lllel" syslelllS has opened Ill(" door fore new approach

Io Ill(' dislol'lion [)I'()J)lelll. It is now l)ossible using stal e-of-lhe-arl ('FIt codes to mod_,l

Ill(, unsteady, three-dimensional viscous compressor tlowfiehl in the presence of a dislorted

inlel. The basic idea is to use these compulations lo provide insighl inlo lhe delailed

fluid mechanics of this l)henomena. This approach is unique because i1 allows the detailed

three-dimensional tlow features to be considered (e.g. tip clearance vortex), as well as lhe

inleractions between blade passages wilhout assuml)l, ions regarding lhe response of each

passage. The long term goal is to someday be able to predict tile effecl of a given inlel

d islorlion on a given compressor without the use of expensiw' rig testing.

2.3 Objectives of the Present Study

The ow, rall objective of this study was to develop a 3-1) numerical analysis for compressor

casing lreallllelll tlowfields, and to perform a series of delailed numerical predictions lo

assess lhe effectiveness of various ondwall trealnlenls for enhancing the etli('ien('y and stall

marght o[" modern high sl)eed fan rolors. Particular allenliOll was given lo examining lh('

effe('liven('ss of endwall treatments to counler the ulJdesh'able effects of inflow distorlion.

The molivalion ])ehhld this study was Ill(' relalive lack of physical un(lerslanding of lhe



Flow Pattern Far Upstream of Compressor

o,t

..... ..............
P P

-_1 Y--j

180

Circumferential Position

360

Ux I

Flow Pattern at Compressor

----_L _ Potential
-- Disturbance

.---Z--Z'-Z--_--_. __...... . . .. -)_-_U:- __.._

L For Upstream

0 180 360

Circumferential Position

Figure 2.7: IllLislrali(n, of a('tiv{, response of inlel flow dislortioH 1o compressor (dashed line
illust]'ales devialiou due to efl'ecl or (:ompres._or oh local (listorlioli).

10



mechanics associated with tile effects of endwall treatments and tile availability of detailed

corn put ational fl uid dynanlic.s ((IFI)) codes which might I)e utilized to gaiu a bet !er u nder-

stan¢lin_; of these tlows. This study represents one of the firs! attempts 1o simultaneously

con,pure the coupled ftov,' through the blade passage and 1he Ireatment re_ion for various

compressor endwal[ !reatmenl ('Oll[igllr_-|liOllS. Who compulatioual tool used for lifts ,st udy

was lhe AI)P.I('07 code. a ttexit)h, viscous flow aerodytlamic tool developed specificall.v

for lurl)omachitlery geomelrie_. The secondary objectives of this slud.v were dirocled al

ell haucin_; lhe capal)il! ies ¢)t' lhe :1DPA ('0"? code by incorporat ill_ corn t)ulalioual enhance-

merits such as code paralh,lizalion, a u implicit time-marchiu_ algorithm, and an advauced

lu|'t)ulence model. Each o['these euhancements are described in detail it, the sections which

outliue the numprical algorilhm.

1!





Chapter 3

ADPAC07 NAVIER-STOKES

NUMERICAL ALGORITHM

Predi('lions for the casing lreatmenl and inlel dis, orlion flows descril)ed in lids study were

obl ained using )he A I)PA('07 COlnl)uter [)rogram. The A I)It4('07 code is a general Imrl)ose

turbomachilwry aerodynamic design analysis tool which has undergone exiensive develol)-

merit, teslin_, and verification [22]. [23]. [2-1]. [30]. There is also e×lensive documentalion

available for the .I D154 ('07 l)rog;ram [26], [27], [2,(>)]. [28]. 1)rielly. the .lOttt('07 analysis

ulilizes a tinile volume, mu[ligrid-1)ased Runge-Kulta time-marching solution algorithm lo

solve a time-del)endenl form of the 3-i) lleynolds-:\veraged Navier-Slokes e(lualions. :\

relatively standard Baldwin-Lomax [34] turbulence model was incorl)oraled lo ('()lnl)ute the

turt>ulent shear slresses. :\n advanced lwo-equalion turbulence model was also devo[ol)ed

for enhanced turbulent flow predictions. The code employs a multiple-blocked mesh dis-

cretization which l>rovides extreme flexibilily for analyzing contt)lex geometries. The block

grid(ling technique enables the coupling of complex, multiple-region <lomain._ will, coin-

mort gri(l inlerf'a<'e boundaries through specialized boun<lary condition t)roce<lures. The

ADPA('07 analysis has been successfully utilized to predict both the stea(lv stale and

(ime-<lepelMent aerodynamic interactions occurring in moderl) multistage COml)ressors and

turbines.

In this chapter. Ill(' governing equations and computational inodel methodology for lhe

.tDP.4('07 co<le are described. In some <'ases, a(lditional cal>abilities are availal>le ill 111('

.1 [)PA ('1)7 prod;ram, and these are described further in References [2-1], [2!t]. The (letinitions

of the [)erlinent variables used in lids chaplet may be foun<l in Nomen<'lalure.

3.1 Nondimensionalizat ion

To siml>lify )he inll)lementali<)n of the numerical solution, all varial)h's are non<limensional-

ize<l by reference values as follows (note thal variables with the caret (e.g. (_>)ar(' dim< n.+io,<d

variables and consequently variables without a caret (e.g. O) are no ndim¢ n._iona/ variables ):

.iI : b), i' ,j i"_

L,,f ]:,._f, c,. - - • _'- -

2 ? i',_. i',. ft('i

;r-- _L,.,I Lr, f l;.,f I ;,., f I ,., f
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P _ m" I! -- • ('1' = -; , ('v _ = , k = =

T- j, J p- , k- _. . _- _ .• k,.<s i7_s i,._sL,.,s

The reference quantities are defined as follows:

:lJ,'_S is a constan! user-delilwd length scale

t 7,.,_f

(3.1)

i),</ is nornialiv the hllel lol.al pressure (user-defiued)

P,-,i is the freestreani or inlet tolal density (b,'<J =k,',S / /7,,/ / JT,i )

f;'<S is deterniined froth lhe freeslrealn iota] acouslic velociiv as

f;.,s - _ = V/D,-<ft.<:- v/_
ix delernlhled front file other faclors as:

fi,.,s = b,.<s(;.,sL,.<s
_'r(f iS lhe freeslrealll lherlna] conductivity (extracled frolll usor-(lelined ])al'alll-

eters SllCh as _] altt] tirandtl lltlmber)

is l.he freesl rea.lii gas COliSla.lil (user-defined)

is uormally I he inlei i otal tempera, t u re (user-defined )

3.2 Governing Equations

The A DIJA('07 nunierica] sohltion t)rocedure is based <)u all integral represenialion of lhe

strOllg COllservalioll law forlll of lhe 3-1) Reynolds-averaged Navier-Stokes e(lualions ex-

t)ressed ill either a cylindrical or ('arlesian coordinate sya.lenl, l.lsor int)ul (leterniines whicti

solution schenie is selecled, an(I call lie varied on a block by l)lock basis. The Eulei' e<luations

ilia,)" be derive<t as a subset of tile Navier-Stokes equalions by neglecling viscous dissipation

and therniai conducliviiv terms (i.e. - t I and ],' = 0).

The <terivations of ihe various forliiS of the e(llla.tioils employed ill lhe .-t lit>A('07 code

are outlined below.

3.2.1 Vector Form of Navier-Stokes Equations

The Navier-Stokes equations ilia), 1)o efficiently described in a coordinale illdependenl vector

forlll as follows (see e.g. [-t2]

Continuity

Op
o--7+ v. (pC) = 0 (:l._)

Momentum

Energy

0(pV )

Ot
-- + V • p('l _" = p.f+ V • IIlj (3.3)

O(m ) OQ
0--}--+V (p()C- 01 vc/+P/C+v(II;.iV) (3.1)

llere p is densily. I-+" is the ftui<l velocilv vector• < is lhe fluid tol.al hilerna] energy. ! is

liluo, _'- iS lhe spatial gra(lienl olieralor, Hi./ is the fluid stress letls<)r, ,/is all exlerila] force

veclor, (_) rel)reselllS added heal• and _[is lhe fluid con<tuction heat flux veclor.
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3.2.2 Reynolds-Averaged Form of Navier-Stokes Equations

I)ir(,c! compulation of lul'l)ulent flows using lhe Navier-Stokes equations in tit(' form al)ove

is simply not practical al this poinl, and instead, we aSSlltlle thai the lurbulence is ._ta-

lionary (see e.g. Wilcox [63]), and can I)e effectively represenled numerically as a lime-

averag('(I effect. In this respecl, il is useful 1o derive Ill(' ]{(,ynolds-av(q'ag('d form of lhe

Navier-Slokes e(lualions bv inlroducing time averaging ot)eralors. Any inslanlaneous tlow

varial)l(, f(.r, t)can be deconlt)os('(l inlo a time-averaged an(I a ttu('lualing componen! as

f(x.t)= f(.r)+f'(.r.t) (3.5)

The 'liln(, average .f(.r) is delined as

1 /t+'l"f(.r) = lira f(:r,!)tlt (3.6)

Similarly, for compressible flows, il is useflfl lo define Ill(, densily weighled lime average as

t) = .[(.r) + .f"(.,.. t) (a.7)

where now the densily weighted tim(' averaged varial)le is defined as

.f(,) _ /"f (a.s)
p

Applicalion of the mass+weighted averaging procedure to lh(, Navier-Stokes equatiotls (see

e.g. [12]) yields the tleynolds-average(I Navier-Siokes equations expresso(l hi veclor form

aS

Continuity

i)p i) (phi) =0 (3.9)
0-7 + O.r j

Momentum

o o. :'"i:"ii (a.10
Oxi + _(r,,/- ) )

Energy

L i)T i)p it ,,
-_(t'tlt,,v,t) + --(p_ ittt,t,t +i/:r.i . . . .

(3.11)

W hOl-( _

where l'ii is the Kronecker della funclion (ai; = 1 if i = j and ai.i = 0 if i _ j) and "i repre-
sents lhe velocily vector components. The complication in this analysis is tile presence of

lernls of lhe form pt/I' tti. These terms are often refen'ed 1o as Reynolds slresses, and lhe
speciti('alion of these l(,rms is ro|0rrod _o as lh(, lurbulenl Hos,r_ prol)lem. A large portion

of |url)ulen('e modeling resear('h is dedi('aled to suitably ('losing lhe svslem of ('(lualions 1)v

<l(,tining t)roce(lures 1<)('ompule llw Reyn<>l(ts st ross lerms. In lifts slu(ly, lurlmlence ('losure

is l)eri'ornl('d t)y ('nq)loyint4 lh(, ll<)ussines(l al)proxilnation. Boussin(,sq [.ll] su_gest(,<l lha!
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(,lie apparent turbulent stresses mighl be related to the mean strain rate through an eddy

viscosily of tile form

-."7"ii =/', + - + pk: (:).1:))

where k is (tie kin(tic (n_rgy of turbuhn('_ defined as k = ui',, 7/'2. The resulting simpli-

fica,lion is that all Reynolds stress terms are eliminated in favor of a Inodified viscosity

tt,jf:<.ti,, = lllami,_<,,. -[- tttu,.bub,,t where ttturl, uhnt is the eddy vis<'osi)v described above. The

turbulen! flow thernial condu('liviiv tei'm is also treated as the Conlbii_aliol_ ofa lanlinar

and turl)ulent quantily as

L',f f_<.tiu, : _tl ..... i ..... " 7t- L:turbulr,_l (3.14)

For turbulenl flows, lhe iurbulenl lhernlal conductivity ]:t,tr_)_,b,,t is deiernihied |'roni a

turbulent Prandtl nunlt)er Prt,,,-_,,,u,,: such lhal

Prt,,,.t,,,z_ ,, - ('s'tlt""_"i' ''_ (3.15 )
]vt _rbul( _ t

The /llrl)ulelll Prandll liUliiber is norniMlv chosen lo have a value of 0.9. Tile lurliulenc(,

nio(lels descril)ed later ill this roporl define the llleans ]iv wliich ttt,rj),l<,t is prescrit)(,d.

(!Ool'dinale del)end(,nl forlliS of ill(, ]{eynol(ls-average(t Navier-,Slokos eqllalions ilSe(I ]11

llie nuniericai solution procedures are given in liie sections wlii<']i follow.

3.2.3 Governing Equations for Cartesian Solution

In this section, lhe governinp_; equations for a (!ariesia.n coordinate sysleni solution are

developed, hi tills discllSSiOll, sili('e all solutions for tur|)tllelll flow enlploy I]1(, BoussilleSq

approxinlation, the overscores (I('noiiiig l inie averaged (e.p_. p) and (tensity weigllled l inle

averaged (e.g. _"_.have been renloved for siniplicity.

]'lie Reynolds-averaged Navier-Slokes equations for a (lartesiall coordinal(, syslelli Ilia)'
lie wrillen a.s

i)H;,,,, i)F,.i._ #(;,.,._ ilH.,._
OQ 01.',,, ,, it(,';,_,. + - ,S' + + -- + -- (3.16)
o-T+ o,,-- + o_: o o=

For a ('artesian solution, ihe veclor of del)endenl va.rial)les Q is defined as

pp 1'2"

q = /:'"" (3.17)
/

I [t t,:

LP_t

where the velocity ronlponents iV, e._/,and c- are the absolute velo('ity colnponents in lhe x.

!), and z coordinate directions, resl)e('lively (see e.g. - Fig. 3.1 ). The tola.l inlerna] energy

is (iefined as

p l 2 ,2 i,_
(t- (__ lip +_(G+ _,+ =) (:l.l_)

Tile individual flux functions are detined a.s
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2-D Cartesian Coordinate System Reference

Y
V

I

r

V x

X

3-D Cartesian Coordinate System Reference

v

Iz IVz.d _"

/ t,.-I/ ",,

Figure 3.1 : A DPA ('07 Carlesiaii coordina't,e sySlelli l'efereliCO.
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_ 1l It

pt,a.

P _'i_+ P

p I"s, t'y

p Uj. t ! 7

pva. llt.t,,I

(ii., =

o]7"_a.

T_,,[ .
7"a. _

¢[.r ]

lgPy

pv_ + p Hi,,,

[) t'y t' 7

pv.qHtot.l

0

Tyz

r_,j ll .i,_ =

%

The total enthalpy. Htot,t. is related to tile lolal energy l)v

/9C': ]

D t?,7" I_::

+,)1
pv= llt.t.I J

(]

T:.v

T= ,q

q=

(3.19)

(3.20)

])

Ht,,t.l = _t + - (3.21)
P

The viscous stress and heal flux terms may l)e expressed as

( Or,.
r_,,, = 2, \_} + A,,v. C, (a.22)

• (o,,:h]"

r_,,, = 2tl k Oy } + A,.V. ( (:3.25)

q: =- QrT"v a, + t'_/7-a._l

(ly _ t'a, Ty,v "_- l_.qTyy

07'
+ v.:r,.: +/,.-- (3.2s)

¢),/'

OT
+ t,:r,: + L'-- (3.29)

Off

0 T
q: = <,.r-:.,. + t,vr:v + ,,:r::: +/,' O_-- (a.30)

where// is lhe first coefficient o[ vis('osity. A,. is the se('oil(I ('oeflicienl of viscosity, and

V. V 0v,. 0,,,, 0,,:
: 0-- + + o--7. (:).:)1)

The remaining viscous stress l('Him at'(' delined through the identities

r>,. = r, w, (3.32)

r.:v = r,:. (:}.:_3)

r:-,. = r,.:. (3.:_.1)
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3.2.4 Governing Equations for Cylindrical Coordinate Solution

In this section.Ill(, governingequationsfor arotaling cylindricalcoordinatesvslmnsolution
are(lev(,loped.The rotaling coordinate syslenl perndls the solu|iou of rolaling geomelries

such as lurl)oma('hinery t)la(h' rows. The rotal ion is always assumed 1o 1)(' about 1he .r axis Iu

ibis (lis('ussioll. sin('(' all solutions for turl)ulent flow omph)y lh(, Boussinesq al)proximalion.

Ill(, ov(u's('oros deno|in_ lira(' averaged (e.g. p) and (lousily weiglde(I lime averagled (e.g. i',.

have 1)o(,n r(,mov('d for simplicity.

Th(' l{(,ynol(ls-av(u'aged Navi(,r-Slokes equations for a rolaling ('yliu(Irical coor(linale

s-vsl(,m may I)(, wrillen as

OQ OF_,,,, i)(;,.,,,, 1 i)II;,,,, i)l.',+_ i)(,',.,._ 10ll,.i._
0--7 + i):__ + i)r---_ + - K + + -- + --- (3.37))r i)# _ Or r i)0

For solutions eml)h)ying the cylindrical ('oor(linale sysl('m, lh(' vector form of tim e(lUa-

t.ious contains only minor deviations from tile (!a.rtesiau form. I)ut lhe ('Oml)OneUlS of the

solulion and []ux v(,('lors must t)e redefined. For a cvlindri('al coor(linale solution, Ill(, Ve('lor

of <leI>('n(lenl variables Q is defined as

Ipp Qr

Q = it,,, ,, (a.a(_)

pvO
L P'_t

where tile velocity ('onll)onenls va., v,., and _'a are lhe absolule volocilv ('Oml)Olmnts in lhe

axial, radial, and ('ircumfcrenlia[ coordinate direclions, resl)eClively.

The flux veclors are expressed a.s

P_'.,_+ P I P<'"_''"
t'i,,,. = p<,._',. (;i,,,. = pvf. + p Hi,,,, =

Pl'a'lt'"_l I Pt'clt_"_l
p_',.ll tot,,t LPv,. Hto_,,l

[0 ["17",r,r 7-r.r

IT,. I
L q,, L q,- J

and |]1(' cylindrical coordinate SySIOlll SOllrCe l('rlll I)ecomes

° 1
h" = _ -

'0 ' J

The total etd hall)y, II, is related to the lolal etmrgy t)y

Ht,,t_d TM _ t 4- p
P

I pv 6 ]

p t',,,co I

p",,"e I
+ 1,)[

PU','(lllt,,t,tl J

I°lTO.r

/,>/,

Lq6J

3.37)

3.:",s )

:L:',.())

a.10)

If)



The viscous stress and heat flux terms may be expresse(t as

(0_,,. "_
T_._._-21,\_] + A,,T. F. (:}.41)

7_,.,.= p \ 0a.) + \-&7-r }] " (:/.-12)

r(0,,0 (,
T_.c,= 2t, L\_/+ \7. 7}g//" (:}.4a)

r,.,. = 2tt k, 01' ] + A,A-. 1" (3.44)

r,.c_=t, \,.aO/+ \ O,'/J" (a..15)

roe = 211 + A,,'[" . I" + 2t Iv'" (:{.46)
l"

OT
q.,. = _,.,.T_._.+ v,.7%,. + vOT_.O+ 1,'-- (3.JT)

07"
q,. = <,.r,.,. + _,,.r,.,. + _'0r,.0 +/_'-- (3.4s_)

Oy

07"

qo = r_-To,. + t,.,.rO,. + t'OrOO + _" i)-O (:3.49)

where i t is the first coeflicienl of viscosity, A,, is l he second coefl'icienl of viscosity, and

__ . _. 0 rb, 0 r,. 1 0 _'0 v,.
= 0:_--7 + _ + -r _ + --r (:3.50

The remaining viscous slress lerms are defined through lhe identities

r,._. = 75.,.. (:3.51

r0,. = r,.0, (3.52

ro_. = r_.0, (3.53

3.3 Fluid Properties

The t)rimary working fluid is assumed to be air acting as a I)erfe('l gas. lhus lhe ideal

gas e(luatioIi of state has been used. Fluid pI'ol)erties such as specific heats, specific Ileal

ratio, and Prandtl number are assumed to be consta.nl.. The tlui(I vis('osity is temperature

dependent and is (lerived from the Sutherland (see e.g. [J2]) formula:

(T)7
H=('

1T + ('2
(3.54)

where for air the ('<)efli<'ients are spe<'ified as:

Iblll

('I = 2.2TtO -_
fl - ._ c

('2 1.)S. _2&g r¢_ ._t_
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Theso-calledsecondcoefficienl of viscosity A,. is fixed accorttil,g to:

2

£, = (:l.sr,)

Tile therulal conductivity is determined fl'om the viscosity and tilt, (lefinilion of the Pran(ltl

Illl ll|])el' as:

1,.= %t-__ (:t.5(i)
_J' y

3.4 Numerical Formulation

The ml,ueri('al forln,llation tbr the ADPA('07 co(h' is f)rovi(le(I in the slll)seclions below.

3.4.1 Finite Volulne Discretization

hlle_rat ion of tile three-<limensional differenlial ft)rnl of the Navier-Smkes e(luaiions over a

fiuite conirol volunle yields all t,qua iion of lhe form:

0/ / i >''+ ',,,,,<>=",',<Q>+f/i""'
%v]lel'e:

/,,,,_.(Q)
•] *](_ A

all(l:

L,.,._( Q)
• ] ,]P_ A

The (',auss (liverfzen('e lheorenl lla,<-;l)een eniploye(l 1o ('Oliverl several volllllle hilep4rals to

Sllr[)i('(, flux inteizrals, which shnlilifies lile nulnerical evahialion of lilally lerlllS (see e._.

[,12]). The invis('i(I (('()llVl_'clive) all(l viscous ((liffusive) [lUX ('olilrit)ulioliS art" exl)resse(t

sel)aralely ])v the ot)eralt)rs Lh,,. and ],,,i._, resl)eclively. The yet'for of (lel)entlenl variables

Q anti el her lel•ilis are (tes(u'it)ed sepa.ralely for t)oi.h a (larlesian anti a cvlhl(h'ical co()r(thiale

SVSl elli al)ov(,.

The (tiscrete nuinerieal sohlliOn is (levelolied froth the inl(,g;ral gjoveriiili,_ equalioiis (le-

rive(I ill Ill(' t)reviOtlS sectiolis t)v enll)loyinp4 a finite vohilliO solui, ioli proce(lur('. This t)rt)-

('etlur(' ('losely follows lh(' I)asi(' schenle (lescrit)e(l by Jaineson [31]. In order Io apl)re('iale

and llii]ize the features of lhe .tDPA('07 sohliion system, the ('t)n('el)l of a mullit)le t)lo('k

grid svslelll lll/lSl 1)e fully Ulitierstood. It is expected ihal the rea(ler possesses at least SOliie

underslalidillpg of the ('OllCel)Is of COlllptllatiolial flui(l (lynanli('s ((!I:D). so the llSe of a liU-

nieri('al p.;ri(I it)(liscreiize a Ilow (loniain shoul(t 1iol I)e foreign. Many ('FI) analyses rely eli

a single sirllCl ure(I or(lerin_ of y_;i'i(I points lJpOll ,,vhicii lilt' lllllll(q'lcal solution is l)erforllled

Muliiple I)lock grid syslelllS are different only in l liar several slrllC|tlred _l'i(] systelllS are

use(l in ]izdrlllOli,V 1(1 generate lhe numerical solulion. The donlahi of hileresl is sut)(livitle(I

ililo ()lie ()r nlore sl ruclllre(l arrays of hexahedral cells. Each array of cell_ is reft, rro(I It) as a

"'l)lo('k", and l[le overall schenie is referre(1 1o as a nlullil)le I)h>('ke<t llleSh solver as a resllll

of ill(' al)ilily Io lilalia_e lllore l.han one t)lock. 'This concept is ilhislrale(l graf)hically ill two

(tiniensions [or the flow through a nozzle in Figures 3.7-3..1.

The grid svslelll ill l"i_ure 3.2 enililoys a single slrll('l uteri or(lerhig, r(,sultin_ in a single

COliiliulatlolial space 1o ('()lilt'lid with. The lliesh s vslelll ill Fi_IlI'(' :l.:t is ('olnt)rise(l of Iv;o,
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ADPAC 2-D Nozzle Single Block Mesh Structure Illustration

Physical Domain

Computational Domain

Figure 3.2:.tDt>A('07 2-1) single block mesh sll'u('lur_. _ illuslralion.
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ADPAC 2-D Nozzle Two Block Mesh Structure Illustration

.++_.

-÷+_t+

_÷+÷+

-+_÷t+

+_+÷+

.+_._÷
-++_+

.÷_..
-_t_±_

-?1'ti

Physical Domain

L_:T

d_
2_Z

_Z2:

T___.

2S2 2

Computational Domain

Block #1

v

i

Block #2

Inter-block communication required

to couple computational domains

F _ure 3.3:.-1DPA ('07 2-D two block mesh s(ru('( ure illus( ralio_.
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ADPAC 2-D Nozzle Multiple Block Mesh Structure Illustration

Physical Domain

Computational Domain

Inter-block communication required

to couple computational domains

l:ig,;ure 3.4:AI)t_A('07 2-I)multiple block mesh ,_iru¢'lur¢, illu._tralion.
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separal,estructure<tgrid blocks,and consequenlly,the numericalsolutionconsislsof two

unique computational domains. Ill l,heory, the nozzle flowpath could be subdivided inlo

any number of domains employing struclured grid blocks resulling in an idenlical num-

I)er of compulational domains 1o conlend wilh. a,s showl_ in the 20 block de<'ompositiolL

illustrated in Figure 3.1. The coml)licaling factor in this <lomain decomposilion apl>roach

is lhal the numerical solulion must provide a means for the isolated <'ompulalional do-

mains lo communicate with each other in order lo satis[3" the <<reservation laws governing

lhe desired aerodynamic solution. ]ten<e, as the numl)er ofsul)domains used to COml)lele

1he aerodynamic solulion grows larger, the numl)er of inler-<lomaill communi('atioll l)aths

increases in a corresponding manner. (ll should I)e holed lhal lhis domain decomposi-

t ion/conlmunicatioll overhead rela.tionship is also a key concepl in paralh,l l>rocessing for

large scale <'ompulatiolls. The natural l)arallelizalion afl'orded by the mulliple block mesh

domain deconlposi!ion in '_he fundanlantal basis for 1he .4 DILl ('//7 code parallelizalion de-

scribed laler in this report.) ('lea.rly, it ix oflen no_ possibh, _o generale a single structur<'d

grid to en<'ompass lhe domain of interesl wilhoul sa,crilicing grid <lualilv, and lherefore, a

mullil)le block grid system has sip_;nificanl advantages.

The =tl)ILt('O7 code was develot)ed to utilize lhe multiple block grid concel>1 to full

exlenl by permitling an arbilrary number of structured grid blocks wilh user specifiabh'

communicali<>n paths belween l>locks. The inter-I>lock communication ])alhs are imple-

mented as a series of boundary conditions on each block which, in some cases, communicale

flow inforn_alion from one block lo another. The advanlages of 1he mulliple 1)lock soluliolk

concel)l are exploited in lhe calcula'tions presented in later chaplers as a 11teallS of ll'ealiltg

<'onq)li<'aled geomelries with multiF, le blade rows o[' varying; blade number, and Io exploit

<'ompula_iollal enhancements such as mul_igrid.

The solution for each mesh block in a multiple block grid is <'ompu_ed i<len'cically, anti

lhereforelhe mlmerical approach is described for a single mesh block. In any given mesh

block, tile numerical grid in used to define a sel of hexahedral <'ells. the vertices of which are

<lelined t>v the eiglg surrounding mesh 1)oin!s. This <'onslruction ix illustraled in Figure 3.5.

The <'ell face surface area normal vector compotwnts d:l.++, dA,. and dA= at'(' calculated

usin_ tile cross product of tile diagonals defined by the four vertices <)f 1he given face,

att<t the cell volunw is determined by a proceclure outlined bv llung and I,:ordulla [431 for

generalized nonort hogonal cells. The integral relat ions ex [>ressed by tile governing e<[ual ions

are determined for each cell by approximating the area-integrated convective and diffusive

fluxes wi_h a representative value along each <'ell face, a n<l t>y approxinlating the volume-

intep;rated terms with a representative cell volunw weighted value. The <tiscrete numerical

approxin_ation to the governing e<luation then becomes

+_,,+1_ Qi'.i.k
At = (l')..(Q)i+½,.,._. - Fi_,,,(Q),__.i.h. (3.60)

+(;,:._,(Q)_ ;+5., - (;,,_.(O) /__ ,1,:

+H.,.(Q)_.,._.++ - H,,,,,(Q),..i._._ ½

+ t;,_, (Q)i+ _ i._.- t,,,;_(Q);_ ½..ix.

+(;.i._(O );,.,+: . _,

+tl.i_(Q)i.,j._.+f - tl.,dQ)i i_ _)

+(V)h + D:,,j,_,(())

25



J

i-l,j-l,k-1 •

J

r

,,,,||*|,,|u||_,|l||l|l|l_ll_

i-l,j,k

I

I

I

I

I

1

4

Grid Point

Grid Line

Hidden Grid Line

Surface Area Normal Vector

Cell Face Diagonal Vector

i,j,k

SA

i,j-l,k

i,j-l,k-1

Volume V

Figure 3.5: Threo-dinwnsional finite volume, coll.
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Followingthe algorithmdefinedl>yJameson[31], ii is coliveniemto siore t,ho flow
variablesas a representativevaluefor l lie int(,riorof eachcell, all<l llllts l]ie schenle in

referre<l to an cell-celitered. Here, i,j,k ro[)resenls llie local <'ell iiidices ill 1lie slrllctured

cell-centered array, ]t' ix the local cell volume, Al is lhe ca lculatioii lime illl(,rval, alid l)i.i._,

is a, ariificial liul.erical (lissilialioli fulictioli wliich ix a(hle(l to lhe Koveriiinlt e(lualions Io

aid mllll(,ri('al slahilily, an(I 1o elimilialo Sl)Urious mllllerical os('illalioiis iH lh(' vicinity of
1 "

[tow (liscoiitimiilies such as shock waves, hidicial exl)i'(,ssi()xis s,('h an i+ 7.j.L' r('tireselits

(l_tla eva[ualo(l al the cell face. or imerfilc(, h(,lweeli lwo a(Ijacenl voluiil(,s. The discrete'

colive('live fluxes are ('OliSlrucl('(] I)v IlSili_ a rel)reselilaiiv(' value of lli(' flow variahl('s (2

wliich i.,4deterliiilie([ hy {411a lgel)rai(' a'¢(,l'age o|' lho rallies ofQ hi ill(' cells lying: Oll (,iili('r

ski(' of the local cell ['ace. A ('()ii(:el)llial iilllstralion of tile [iliile-vohliii(', c('ll conier('(I (tala

ai)i)roa(']i, all([ lho sul)s('(lUelll ('OllVe('live []llX evaluatioli [)I'()('('ss ['era (vii fa('(' are giveli Oli

l:igiiro 3.(). \:is('OllS slress lerlliS a li(] iherllia] ('ollduclioli lerlllS al'e COllSlrllcle(] ])v al)lilyilig

a gelierali;,:ed coordilial(' I ransforlllaliOll 1<) Ill(' govel'llilig oqualiolis ax follows:

= _(.r,:l.:), q = J/(,_',!l,=). ( = ((.". sl.-) (3.(il)

The chaili ru]e iiiav theli I)e use(l to

(-iS :

eXl)ali(I

0.r 0.1: i)(

OsS i)S/ O(

_7.: i): i)( + i):

(h(' various (terivaiives ill lhe viscoli.s s( resses

ih/ i) it( 0
+ ---- + ---- (:_.($2)

O.r iD/ O.r 0("

ih] 0 0(, 0
+ ---- + ---- (3.63)

i)!t 0#1 i)!l 0_"

ih I 0 O_ 0
+ ---- (:i.(ii)

Oq O: 0("

The iraiisforliied (lerivaliw, s may now I)(, easily calclliale(t hv differencili_: the varial)les iti

COIlI[)Ul al ional stiace (i corresponds to the ( directioli, j corr('sl)onds to l[le 11(]ire('tion, a.nd

/,: corre._liOlids lo th0 (," direclioli), alid utilizili?_ (he al)proI)riale ideiiiilies for the llieil'i("

(lift'ereiice._ (see e.g. [-12]). This t)rocess is illustrate(1 scheiiialically ill t:igllre 3.7.

3.4.2 Runge-Kutta Tilne Integration

Tli(' lhiie-s)('t)l)ilit4 sclieni(' used 1o a(tvaii('e the (tiscreie liunieric_ll rel)reseillalioli o[" lhe

g;()v(,rliili<_ e(lllaliOliS in a il/li]llsiage Ulilig('-l'_lllla integration. All t)l slage Riilige-I(lllla

ilile_:ralioll [or the discretize(l equations ix exl)ressed an:

Q, = Q" - (,_A/[L(Q") + D(Q')],

Q2 = Q" - (,_At[L(Q,) + D(Q")],

- ,,:_At[L(Q2)+ D(Q'_)],

- o_At[L(Q3)+ D(Q")],

q,,, = O" - (,,,,A/[I,(Q,,,__) + D(Q")],

q,,+' = Q,,,
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ADPAC Cell Face Convective Flux Evaluation

Cell-Centered Data, 7" -.
!

Storage Location. •
Cell Face Convective Flux
Construction Procedure:

Qi+l/2j,k --0"5(Qi+ l,j,k+Qi,j,k)

Fi+ 1/2,j,k=F(Qi+ l/2,j,k)

Qi,j,k

s

s

s S

Outline of
Finite Volume

Qi+lj,k

Cell Face

k

ADPAC Cell Face Area Normal Vector Evaluation

S=AxB

S (surface area normal vector)

Figure 3.G: A DP.,t('07 finite volume cell cenlered data configuralion and conveclive flux

evalualion process.
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ADPAC Cell Face Diffusive Flux Evaluation

s

s

' Qi+l/2j+l,k
|

' gI

Cell-Centered Data. "_ - +
Storage Location. ° .¢_

Outline of
Finite Volume

Qi+l/2j,k+l

iii@ii_. ••""•_ C_)

oo° Qi+l,j,k _+_ k (4)

_"""L_ i (11)

Cell Face Diffusive Flux
Construction Procedure:

_Q = Qi+lj,k- Qij,k
an

5Q = 0.5 ( Qi+l/2,j+l,k - Qi+l/2,j-l,k )
a_

aQ

li t 0.5 (Qi+l/2,j,k+l - Qi+l/2j,k-1 )

I:igul'e 3.7: .41)P:t('07 filtile volunle cell celltered data contiguration and diffusive flux

e'+'alual iott l>t'oc+_ss.
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where:

L(Q) = Li..(Q)- L.i_(Q) (3.66)

For siInplicity, viscous flux contributions to the discretized equations are only calculated

for the first stage, and the values are frozen for tile remaining stages. This reduces tile

overall computational efforl and does not appear to significantly alter' the solution. It is

also generally not necessary to recompute the added numerical dissipation lerms during each

stage. Three difl'eren! multistage l{unge-Kulta schemes (2 foul'-slage schemes, and 1 five-

stage scheme) are availal)le in the A Dt{,t('07 code. but only lhe four-slap_;e tin,e-marching

scheme described below was utilized for the calculations presenled i,, this report.

The coefficients for the four stage Runge-Kutta lime-marching scheme employed in this

sludy are listed below:

1 1 1

(11 ---- --,_ ¢_2 =_, (l:_ = -,2 _4 = 1 (3.67)

A linear stability analysis of the tbur stage llunge-Kutta time-slepping scheme utilized

during this study indicate lha! l,he scheme is stable for all calculalion time incremenls b!

which satisfy the sta,bililv criteria ('FL < 2v_. Based on convection ('Olls|raiiils alone, tile

('FL nulnl)er nlav I)e defined in a one-dimensional manner as:

('t:L = _ (3.6s)
'_.a"

In practice, the cah'ulalion tillle interval must also include restrictions resulting from dif-

fusion phenomena. The time step used in the numerical calculation results fi'om both

convective and diffusive considerations and is calculated as:

1 .(1 )At = ('FL Ai + Aj + At. + ui + ui + ut.
(3.69)

where the conveclive and diffusive coordinate wave speeds (A and u, respectively) are defined
a,s:

A, = + ,,)

p( F )2

I:i - (,at(,5,2)ll (:l.71)

The factor (',,_x¢ is a "safely factor" of sorts, which must be iml)osed as a resul! of the

linfitations of the linear stability COllstraints for a set of equations which are truly nonlinear.

This factor was determined through numerical experimentation and normally ranges fi'Oln
2..5-7.3.

For slea(ty flow calculations, an acceleration lechnique known a,s local time slepping

is use(l to enhance convergence to the steady-state solution. Local time stepping ulilizes

the maximum allowable time in('remen! a! each point during the course of Ill(' sohltion.

While this destroys tile physical nature of the !ransient solution, the steady-state solution is

unaffected and can I)e ol)taine(l in fewer iterations of !he time-st el)ping schellle, l;'or unsteady

flow calculations, of course, a uniform value of the time step At musl be use<t at every grid

1)oin! to maintain the lime-accuracy of the solution. Other ('onw'rgen('e enhan('enlenls such

as implicit residual smoothing and lnulligrid (descril)ed in later s(,('tions) are also al)l)lied
fbr sleadv flow calculations.
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3.4.3 Dissipation Function

In order to [)reveni odd-even decoupling of tile nulnerical solution, nonphysical oscillalions

near shock waves, and to obtain ral)id convergen('e for slea(lv state solutions, artificial dissi-

pa|ive lerms are ad(led 1o the discrete numerical represenlalion of the _;overning e(tualiolls.

The a(hled dissipation model is I)ase(] on the combine<l works of .]ameson el al. [31]. Nlar-

linelli [50], and Swans(m (q al. [4-1]. A ]>lend of fourth and secon<l differences is used to

provi(le a lhird order l)ack_;l'oulM dissil)alion in smooth ttow regions and tirsl order dissipa-

|iou uear (lisconlinuilies. The discrele equal ion (lissipa!ive function is given by:

IJ_.,.,(Q) = (D: - D: + DI_- I):l + 1)_ - t)2)Q_,/., 3.72)

The se<'on(I and fourlh or(lot (lissipation el)era<ors are (lelermined I)v

I)_Q<;._.= v_(( ;_ ):+_<_+_.,._.)/_ Q,./.. 3.73 )

4

l)_Qi.i._. = V_( ( A_)i+½ ( i+½,.i._,)A_ _y_A_ Q,..i,_ 3.7.1)

where /_ and V_ are forward and backwar<l difference ol)eralors in lhe ( (lireclion. In

order to avoi<l ex<'essively large levels of <lissipalion for <'ells wil h large aspecl ra,tios, and 1o

maintain lhe damping prol)erties of the s<'heme, a varial)le s('aling of the dissil)ative terms

is eml)loyed which is an extension of the two dimensional scheme _;iven I)v Nlartinelli [50].

The scaling fa<'lor is defined as a funclioll of lhe Sl)eclral ra(lius o[ the .lacol)iall matrices

associale<l with the <_, r/. and _ <tirections an<t provi<les a scaling mecha,nisln for varying cell

aspect ralios through lhe following scheme:

(_)i+½;_.=(A_):+ . <p. . (3.7.5)7 ,./,k t + 2;,./.k

T'he funclion (P controls lhe relalive iml)orlance of dissipation in the three coordinale di-

rections as:

(Ac)i+_,j._. ) (3.7(i)
(A,) +_s,..t. F, ( " ):'

<I,.+½ i_ = 1 + mrs;. ((A_)_+I,j._. (A_),+½,./._.

The <tireclional eigenvahw scaling functions are detined by:

(k_)i+ ½,j._. = l _i++,.i,_.(,5'_),+ ½,.i,a-+ c( ,5"_)i+½,.;,_. (3.77)

(A,_)i+ ½,/._-= U_+½,.i.g ,%,)_+_+.j._.+ c( 5,'.,_)_+½,.i.# (3.7s)

(A<)_+½..i,_. = l:_+L;.g ,S'<)_+½,./,_.+ <(5< )_+ ½..i._ (3.7!))

The use o[' lhe maximum func+tion in the definition of + is in)portanl for grids whet(' A,_/A_

an(l AC/A _ are very large and of the same or(ler of magnitude. In this case, if these ratios are
summed ralher lha.n taking the ma.ximum, the (lissipation can l)e('ome 1<)o large, resullinpg

in <legra(h'<l s<)lulion accuracy and t)oor convergence. Because l]_ree-dimensional solulion

grids lend _() exhil>i! larAe varialions in the cell aspecl ra,lio, there is less freedom in lhe

ch<)ice of lhe i>arameWr <_for this scheme, and a value of 0.5 was found lo t)rovide a robusl

schellle.

The ('oefli('ienls in 1he dissipation ol)eralor use l lie sohllion pressure as a sensor for lhe

l)vest,n<'e <)f shock waves in the solulion and are defined as:

2 = 1<2111ad'(I/i-1 it.,vi, j.t:,vi+x,./,.,vi+2,/+) (3.S())
¢ _+ _,./,/,. ,,, , .

31



I(Pi-l,j,k -- "2pi.j,k + Pi+l,j,k )l
l:i,j,k =

(Pi-l,/._. + 2pij,k + Pi+l,j,_. )

4 max( O, h"4 2
_ , . = _%{. j._,)+ 5 ,,I,l_

where ¢;2 h.4 are user-defined coilstants. Typical values for these COl|Slallts are

1 1
ti 2 = -- t; 4 _ --

2 64

Tile dissipation operators in tile _/and ( directions are defined ill a similar manner.

3.S3 )

3.4.4 Implicit Residual Smoothing

The stability range oft lie basic t ime-stepl)ing scheme can be extended using implicit smooth-

ing of tire residuals. This t echni<tue was described by ttollanders el al. [51] for the Lax-

Wendroff scheme and later developed t)5, Jameson [31] lot the Runge-l{utta s<'heme. Since

all unslea<ty flow calculation for a given geomelry and grid is likely to be colnpulalioIl-

ally more exi)ensive lhan a similar steady flow calculalion, il wouhl be advantageous to

utilize this acceleration technique for tinle-det>endelg flow calculations as well. In an anal-

ysis of lwo dimensional unsteady flows..lorgensen and (;hilna [:{3] demonslrated tllaI a

variant of the implicit residual sn,oothing technique could be incort)oratett inlo a lime-

accurale explicit method to penni! the use of larger calculation lime increments wilhoul

adversely affecting the results of the unsteady calculation. The implementation of ! his resid-

ual smoothing scheme reduced the ('pIT time for their calculatioll by a factor of tire. This

so-called time-accurate implicit residual smoolhing operator was then also demonstraled

by Rao and Delaney [52] for a similar two-dimensional unsteady calculation and by ttall,

et al. [23].[24] for several three-dimensional time-depelMent flows. Although this "time-

accurale'" implicit residual smoothing scheme is not develol)ed theoretically to accurately

provide the unsteady solution, il carl be demonstrated that errors introduced through this

residual smoothing process are very local in nature, and are generally not greater than the

discretization error.

The standar<l implicit residual smoothing el)orator can t>e wrilten as:

(3.Sl)

To simplify the numerical implementation, this start<lard operator is traditionally approxi-

mately factored into the following coordinate specific form:

(I-_A_V()(I-%A,jV,/)(I-_(A(v()R,,, = R,,, (3.s5)

where lhe resi<tual R,, is define<l as:

_St

R,,, = n,,,-fz-(Q,,_ - D,,,), m = 1. msta:l<s (3.S6)

for each of the m slages in the Ruuge-Kulla multistage scheme, ltere Q,,, is the sum of

lhe convective and diffusive terlns, Dm 1he tola] dissipation al stag(, m, and R,, lhe final

(smoothed) residual at stage m.

The sm<>othillg re<tuclion is at)plied se(luenlially in each coor<lil_ate direction as:

1_;, _- ( ] -- ((, A( V_ )-l [_,,,
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R;;' = ( 1 - (,_/% V,_)-1 R.,

tCT = (l - ¢(/_( Vc)-_R;;

t¢., = R;7* (3.s7)

where ea<'h of the tirsl three slel)s al)ove requires the inversion of a s<'alar t ri<lia_;onal mat rix.

In _eneral, it is desirable to al)ply the smoolhing at each stage of'the l{ung;e-Kut'(a time-

marching procedure.

The use ofconslant coefficients (t) in the impliciI Ir<,atmenl has proven t<) t)e useful.

even for meshes with high aspect ratio <'ells. l)rovided a<lditional Slll)l>or! such as enthall)y

(lampin_; (see [311) is intro<luce(t. Unfortunatel.v. the use of enlhall)y <lampin_;, whi<'h

assumes a constal|t to_a] enthall)y throughout the flowiield, cannot be used for an unsteady

flow. and many steady flows where the fetal enthall>Y may vary. I1 has been shown tha! the

need for enthall)y damping can be e[imiuated 1)v using variable coefficients in the lint)licit

/realment wlfich a<'<'ount for the variation of the cell aspect ratio. Martinelli [50] (lerive(l a

functional form for the variable coeflicienls for two-dimensional flows which are fun('tiolls

of characteristic wavesl)eeds. In this study, the three-dimensional extension described by

Ra<lespiel et al. [41] is utilized, and is expresse<t as:

i ('t.'L I + ,,,,,.,.(,.',;_,._)._ )(( = max 0.4[(,f,L,,,_,.,. 1 + ma.r(r,_r(_) j - l
(3.SS)

1 ('FL 1 +mrl.r(r_',r" I ) . ,(
,_(,]2- I (3.s.))

_,_ = m,:r O. J[('t"L,,,:,: 1 + m,.r(r_,jrc,,)
#

= max _] -l (:1.90)_( O. _I[(,FL,.,,:. 1 + max(r,t('(()

('FL rel)resents the local value of the ('FL numl)er based on 1he calculation lime increment

.hi. and ('I"L, ........ rel)resents the maxinlunl stat)le value of the ('I"L numl)er permitted I)v

the umuodified scheme (normally. in practice, this is chosen as 2.5 for a four stage scheme

an<l 3.5 for a five stage scheme, although linear stability analysis suggests lhal 2v/2, and

:{.7.3 are the theoretical limits for the four and five stage schemes, respecl, ively). From

lifts formulation it is obvious then that the residual sntoot, hing operator is only applied

in those regions where the local ('I:L numl)er exceeds the stability-limited value. In this

al)l)r<)ach, the residual operator coefficient beconles zero at t)oinls where the local ('I"L

numl)er is less than lhat re<luired I>y stability, and the influence of the smoothing is only

locally al)plied _o lhose regions exceeding the stability limit. Practical experience involving;

unsleady flow calculations suggests that for a constant tinle ilwremenl, the majority of lhe

flowlield ulilizes ('I"L numbers less lhan tl,e stability-limited value to mainl ain a reasonal)le

level of ac<'uracy. Local smoothing is therefore typically required only in regions of small

grid spacing, where the stal)ility-limited time ste t) is very small. Numerical tests 1)oth with

and wit hour the time-accurate implicit residual smoothing operator h)r the flows of inlerest

in this study were found to l)roduce essentially identical results, while the time-accurate

residual smoothing resulted in a decrease in ('I>U time by a factor of 2-3. In practice. 1he

actual limit on (he cal('ulalion ('I"L nund)(,r were determined 1o be roughly twice the values

sl)ecified f<)r ('I.'L,,,.,,, al)ove.
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Multigrid Mesh Level Decomposition

Fine Mesh Coarse Mesh Coarse Mesh

(Level 1) (Level 2) (Level 3)

Figure 3.S: Multigrid mesh coarsening strategy and mesh index relalion.

3.4.5 Multigrid Convergence Acceleration

Multigrid (not 1o be confused with a multiple blocked grid!) is a numerical solution tech-

nique which at tempts 1o accelerate I he convergence of a,n iterative process (such as a steady

flow prediction using a time-marching scheme) by computing correclions to the solution on

coarser meshes and propagating these changes to the fine mesh through inlerpolation. This

operation may be recursively applied to several coarsenings of the original mesh lo effec-

tively enhance the overall convergence. In the present multigrid applicalion, coarse meshes

are derived from the preceding finer mesh I)y eliminating every other mesh line in each coor-

dinate direction as shown in Figure 3.S. As a result, the number of multigrid levels (coarse

mesh divisions) is controlled by the mesh size, and, in the case of lhe ADtL4('07 code, also

bv the indices of the emt)edded mesh boundaries (such as blade lea<ling and trailing edges,

etc.) (see Figure 3.S). These restrictions suggest tha! mesh blocks should be constructed

such that the internal I)oundaries and overall size coincide with mind)ors which are compat-

ible with the multigrid solution procedure (i.e.. the mesh size should be 1 greater than any

number which cau be divided by 2 several times and remain whole numbers: e.g. 9.17.33.

65 etc. )

The multigrid procedure is applied in a V-cycle as shown in Figure 3.9, whereby the

fine mesh solution is initially "injected" into the next coarser mesh, the apl_ropriate forcing

functions are then calculated based on the differences between the calculated coarse mesh

residual and the residual which results from a summation of the fine mesh residuals for

the coarse mesh cell, and the solution is advanced on the coarse mesh. This sequence is

repeated on each successively coarser mesh until the coarsest mesh is reached. ,,\l this point,

- _+1 _ 0,_the correction io the solution (Qi,/,. _;.i/,.) is interpolated to the next finer mesh, a new

solution is defined on thai mesh, and lhe inlerpolation of correclions is apt_lie<l sequentially
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Multigrid V-Cycle Strategy

Mesh Level

Solution

Injection

Advance Solution on Current Mesh

Update Solution with Corrections

Sample cycle shown is for

four level multigrid

Corrections

Solution

Injection

Interpolate

Corrections

Solution Interpolate

Injection Corrections

Figure 3.9: Mulligrid V cycle strategy.

until tile finest mesh is reached. Following a concept suggested bv Swanson el al. [4.1], it is

sometimes desirable to smooth tile final corrections on the finest nlesh to reduce the effects

of oscillations induced bv lhe intel'l)olation process. A constant coefficient implemenlation

of the implicit residual Slnoolhing scheme described in Section 3.5 is used for this purpose.

The value of the smoothing constant is normally taken to be 0.2.

A se<'ond mullig;rid concept which should t>e dis<'usse<t is the so-called "full'" mulligrid

startup procedure. The "full'" mulligrid method is used to initialize a solulion t)v [irst

<'ompuling tile flow on a coarse mesh, performing several time-marching iterati<>ns on lhat

mesh (which, by tile way could be multigrid iterations if successively coarser meshes are

available), and then iuterpolaling the solution a.t that poinl to the next finer lnesh, and

repealing the onlire process until the finest mesh level is reached. The inlenl here is Io

g;elteralo a reasonably approxintate solution on the coarser meshes before untlorgoing lhe

expellse of the fine mesh mullig;rid cycles. Again, the 'ffull'" mulligrid lechnique only al)plies

to starling up a solution.
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3.4.6 Implicit Time-Marching Algorithm Procedure

The develol)mentof all implicil time-marchingstrategyfor tlle A DPA(Y)7 code was initi-

ated during this stud)'. This effort was directed at improving the computational efficiency of

lhe :11)1_4 ('07 code for lengthy time-dependent calculations, particularly for" viscous flows.

where the restricted time step of the explicit time-marching alg;orithm due to highly clus-

tered meshes is prohibitively expensive. The implicil algorithm type sele('led was chosen to

lake advantage of the multigrid solution capabilities of the explicil ADPA('07 lime march-

ing; algorithm, and lhe various sleady state convergence acceleration techniques (implicil

residual smoolhing, local time slepl)ing, el('.) which have been incorporated into the code.

The ilnplicit algoril hm is best explaiued through derivation. The original explicit stead)"

sl ale iterative numerical algorit hnl in the A DlL,l ('07 code ultimal ely solves an equation of

the form:
0O

- R(Q) (3.91)
Ot

where Q is lhe vector of dependent variables, t is time, and R(Q) is the residual which

includes convective, diffusive, and artificial dissipation fluxes. The solution is typically

advanced in time t until the residual approaches zero, or simply OQ/Ot = 0 which implies

a t.ime-independeld (steady stale) solution. The modified solution scheme introduces a

tictitious time r, and solves an equalion of the tbrm:

oO 0O
- + R(Q) = R*(Q) (3.92)

Or Ot

Now the solution R)r driving the new residual R'(Q) to zero can be advanced by marching

in r using all of the previously developed steady state convergence acceleration techniques.

and the final solution satisfies tile equation

0O
0--7+ R(Q ) = 0 (a..()a)

which is the desired lime-det)endenl solution. This al)proach follows the work of .lame-

son [31] and tile more recent applications of Arnone et al. [73]. I)erivatives with respect

to the real time I are discretized using either a 2 poinl or a 3 l)oinl backward formula

which results in an implicit scheme which is second order a('curale in lime. The discretized

equation solved at each time level therefore becomes:

OQ 3Q '_+l -.IQ" + Q,,-1

i)r - 2At +/¢(Q,,+1) = R.(Q,,+J) (3.9,1)

where the subscripl o is associated with real time. Between each real time step, then,

tile solulion is advanced multiple iterations in the nonphysical time to salisfv the lime-

accurate equations. The pseudo lime numerical al)proach was l'e('elll]y demonstraled for

time-dependent flows in turbomachinery geometries by Arnone el al. [74].

The time discrelization described above is fully lint)licit; however, when solved by march-

ing in r. stability problems can occur when the time increment in the l)seudo lime variable

__kr exceeds the t)hysical time step At. IAnear stability analvsis (see e.g. [73]) indicates thai

the i)seudo time incremen! ._kr musl be less than 2/3('FL*_kt where ('FL: is the ratio of

t tie local C FL number to the maximum (' FL number of the explicit ti me-marching scheme.

Numerical experiments for the algoril hm with Ill(, t)hysical l iln(, derivative term lrealed

in a.n explicit manner indicated tha! the algorithm exhibited a physical lime step dependent
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divergentbehaviorfor manyproblenls.This formulationof tile algorithn, closely tbllowed

the development proposed by Jameson [72]. No indication of such behavior was identified in

Jameson's [72] paper. Arnone [73] idenlified a thne step modifier which sou_h_ _o circumven_

the unstable region by lowering the pseudo lime increment in re]alien 1o lhe l>hysical time

ste]). This modificatio, was originally included in the AI)I>A('07 form.lation, but did not

<'ompletely prohil>it the instability. I:urther study of!he problem, and. in I)articular, the

assistance of researchers al the NASA-Langley Research ('enler. haw' i(h,nlified 1he explicit

[realnlent of lhe physical time derivative term as lhe source of the ('(mdiliollal slat>lilly. In a

recent paper by Melson. Saner rik and Atkins [7,5]. lhe slabililv <'haracteristics of the implici!

iteralive alp_;ori! hm wit h both explici! and implicil !realmen! s of ! he physical lime derivalive

term were analyzed. The implici! treatment <)f this term was found 1o be uncondi!ionally

slable, while the explMl lrea!men! oft he algorithm was ('ondilionally stable based on !he

value of AT-/.kt, where Ar is !he t>seudo time derivative lime slep, while A/ is the !he

physical time derivative lime slep. Small value,s of AT-/At (<'orresl)on<lin_ _<) h>w (!I:L

numbers) push the algorilhm towards an unstable opera!ion. Jameson [72] suggests that

<'FI: numbers of :20<) or greater be used for 1he explici! _rea!men!. which is consis!en! with

low value,_ of AT-/AI. or improved stabiliLv. The :t DI>A ('07 code was lherefore modified to

ulilize an implicit !reatlllelll of !tie tilne derivalive term.

A further improvemenl of the implicil algorilhm wa,_ discovered by Melson. el al. This

modificalion is based on 1he realization thai the lerm Q,_+I aclually at>pears on b(>l h sides

of the implici! time marching equation described above. II should be possible. !heretore. lo

('olle('l these terms and modit3" lhe lime marching equal ion in a more "'fully lint>licit'" manner

(in terms of how the ut)daled (2 '_+l is calculated). Several variations on !his technique are

described below.

The develolmwnt given here follows the <lerivalion <lescril)e<t by Melson, el al. Suppose

we seek 1o solve a. e(luatk>n of !he form

OQ
- L(Q) (3.95)

Ot

where L(Q) is a collection of fluxes and sour('e terms similar Co !hal given I)v the Runge-

Kulla time marching scheme. The t)hysi<'al lime (terivative term is approximated by a

(liscrete ol)erator of !he form

o(+ ' ( " ....) I I ]Ot At ,,,,,=(, = _- "°q"+l + E(Q"'Q'-I ..... Q,,+1-,,) (3.96)

tlere E(Q)represents the portion of the (liscrete al)l)roxima'_ion which involves values of

the dependent variable O eva.luated from l)revious time steps.

If we interpret the exl)licil time marching scheme in the following; form:

Q,_+I = Q_, + AIR(Q) (3.97)

where R(Q) is lhe SUlnlnatiol| of convective, diffusive, and dissipalive fluxes, and internal

s<mrce lerms. For !he iml)licit algorithm. 1he lime slel) r becomes a l>seudo lime slet) used

in an iterative fashion to ('onslruct the time del>en(tent solution according 1o the 1)hysi('al

tim(' step _XT. In this case. the algorithm I)ecomes:

OQ

Q'+_ = Q" + Ar(-_ + R(Q)) (3. .()s)
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If weapproximatethe physicaltime derivativeterm with tile discreteoperatordescribed
above,weget,

1
O.+l

= (2" + -Xr(_t[a0Q"+l + E(Q)] + R(Q))

and can conseqnently develo 1) a new implicit-like equation for the term Q.+l as

(3.99)

Q.+,= (Q"+ + R<Q)))
I - __r( 1

( 3.100 )

A number of algorithms can now be develol)ed based on the choi('e of discrete apt)roxi-

mation to the l)hysica] time derivative term. Based on the work of Melson et al., this study

was limited to approximations of both first and second or(ter. Base(t on linear stal)ility

analysis, the algorithm can be ma(le to be unconditionally stable for either tirst or second

order accurate representations of the physical time derivative term. Several higher or(ler

approximations were found by Melson el al. to be conditionally stable, and re(luire lh('

added burden of storing more than 3 lime levels of data to complete the algorithm.

In every case tested, the modified iml)licit scheme descril)ed bv Melson was l]lor'e ro-

bust than the direct iml)licit scheme described bv Arnone. Unfi)rtunately, instabilities were

tbun(l to occur for 1)oth algorithms under conditions which were t)elieved to t)e in the uncon-

ditionally stable regime for each algorithm. It at)t)ears thai a more lhorough investigation

of the stability characteristics of the iterative iml)licit algorithm shouhl t)e l)erformed to
isolate the causes of the intermitten! unslal)le t)ehavior.

3.5 Boundary Conditions

Ill this section, the various I)oun(larv conditions utilized in this study as part of the A D-

FAt'07 analysis are descril)ed. Before (lescribing tire individual boundary conditions, it may

t)e useful to describe ]tow the boundary conditions are imposed in the discrete numerical

solution, f'inite volume solution algorithms such as the ADPA('07 program typically em-

t)loy the concept of a l)hantom cell to iml)ose 1)oundary conditions on the external faces of

a particular mesh block. This concept is illustrated gral)hically fora 2-1) mesh rei)rosonla-

lion in Figure 3.10. Some comments concerning the sl)ecifics of numerically treatin_ block

I)oun(laries are in order al this point. Artificial damt)ing is treated at inflow/outflow 1)lock

I)oundaries I)y t)res('ril)irtg zero dissipation flux along the 1)oun(larv to l)reserw , tire globally

conservative nature of the solution. For inlerblock communication, dissil)ative fluxes are

also ('ommunicate(l between l)locks to l)revenl ina(lequate numerical (lalnlfing at inner I)lock

boun(laries. Iml)lMt residual smoothing is applied at all block boundaries by iml)osing a

zero residual gradient (i.e. (dR/d:) = 0.0)condilion at the t)ouudarv.

A l)hantom cell is a fictitious neighboring cell lo('aled outside the exten! of a mesh which

is utilized in the at)plication of boundary conditiol,s on tit(, outer boundaries of a mesh

block. Since flow variables cannot 1)e directly st)ecified at a mesh surface in a finil(, volume

solution (the flow variables are calculated and stored at cel] centers), the boundary ([ala

st_ecil'ie(1 in the t)hantorlr ('ells are utilize(t to control the ]]rlX ('on(liliou at the cell faces of

the outer boundary of lhe mesh block, and, in turn. satisfy" a particular b(mndary condition.

All A DPA('07 I)oundary condition sl)ecitications provide data values for phantom cells to

implement a t)articular mathematical t)Oulrdary condition o*_ th_ m(sh. Another a(Ivantap_.;e
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\ Boundary condition specifications control the
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Figuro 3.10: 2-I) mesh block phanlom (:ell rel)resenlalion.

39



of tile phantonl cell approach is that it l)ernfits unmodified application of the inlerior point

scheme al near boundary cells.

3.5.1 Standard Inflow/Outflow Boundary Procedures

Inflow and exi! boundary condilions are applied numerically using characterislic theory. A

one-dimensional isentropic system of equations is utilized to derive the following character-

istic equations at an inflow/outflow boundary:

where"

0('- 0('-

0----t- - (`''' - a) 0_---7 = 0, (3.101)

i)( '+ O( '+
+ (v, + a)-:7- = 0 (3.102)

0---7 (It|

"2(l "20

C'- = c, C + = v,, + -- (3.103)
"_-1" _. -1

Numerically, the equations are solved in a locally orthogonal coordinate system which is

normal to the cell face of inlerest (indicated by lhe sul)s('ril)t and coordinale **). The pro-

cedure is essentially then a reference plane method of characteristics based on the l{eimann
invariants ('- and ('+.

For sul)sonic normal inflow, the ui)slream running invarianl ('- is extrapolated 1o the

inlel, and along with the equation of slate, specified total pressure, total teml)erature, and

flow angles the flow variables al the boundary ma.v be determined. For lurbomachinery

ttow calculations, the flow angles are representative of the spanwise flow and the pilchwise

(blade-to-blade) flow.

Outflow boundaries require a sl)ecification of the exit stalic t)ressuro. In this case, the

downslreanl running invarian! ('+ is used to Ul)<tate lhe t>hanlom cells at the exit boundary.

Velocity components parallel to the cell face are extrapolated to the l)hantom cell from the

neighboring interior cells.

It should be Inentiolle(| that all of the characteristic boundary sclJen|es utilize a local

rotated coordinate system which is normal to the t)ounding cell face.

3.5.2 Solid Surface Boundary Procedures

All inviscid solid surface musl satisfy the condition of 11o COllVeC| ive flux through the t)ound-

ary (an impermeable surface). M alh(,matically, this is exl)ressed as:

i-: • ff = 0 (3.101)

The I)llalllOlll ('ell veloci!v comi)onents are thus constructed 1o ensure lhal the ceil face

average velocities used in the conveclive flux calculation satisfy the no |hroughltow boundary

st)e('itication at th_ boundb_g .,,urJ'ac_. A simplilied form of the nornlal lnonlentuln equation

is used lo update the phantom cell pressure as:

Op
0_ -0 (3.105)

It should be noted tha| |his condition is theoretically oversimplified, ])u| our exl)erien('e

using more COml)licale(I forms of the normal momenlum e(luation in<li<'ale |hal numerically

the results are (tuite accurate.
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All viscoussolidsurfacesmustsatisfythenoslip boundarycondilion for viscous flows:

V,,,t = 0 (3.106)

where V,.,l is the relative flow velocity. V -r_. No conveclive tlux lhrough lhe bou,_dary

(an impermealde surface)is permitted. The t>l,antom cell velocilv componenls are lhus

c<mslru<'le<l Io ensure that the cell face average velocities used in the conve<'live flux cal-

culation are i(lenlically zero. The phantOln cell I>ressure is simply extral)olate(I base<l on

lhe boundary lavel" tlow c<mcel)t dp/d, = 0. The l)halltO]ll <'ell density or temperatu['e is

iml)ose<l l>v assuming eilher an adiabatic surface d'F/d, = 0 era spe<'itied surface temper-

alure, which sugg;esls lhat lhe phanto11] cell leml)el'alure must be properly conslructed Io

salisfv the apl)rOl>riale averag;e lemperature along the surface.

3.5.3 Interblock Communication Boundary Procedures

For the multil>le-block scheme, the solution is performed on a siug;le p__;]'i<lblock al a lime.

Special boundary COllditions along })lock boundaries are lherefore required lo t>rovide some

tra nsl)ort of informalioa belween blocks. This trausl)ort may be ac<'omplished throug;h one

of fot]r lyl)es of l>roc++dures in the AI)PA(7)7 code. Each procedure applies to a <litfereut

type of tllesh COllStt't]clion alld }low environment, and details of each al>l>roach are given in

Reference [2.1].

t"or neig;hboring mesh blocks which have coiucidenl mesh points along lll(' inlerfa<'e

sel>araling; lhe two blocks (as used in lids sludy ), a simple <[irecl spe<'ilical ion of lhe phanlom

cell data based Oll lhe Ileal' boundary cell data from lhe n<qghboring bl<>ck has been used

successfully (PATCH boundary condition, see [2S]). This c<mcel)l is illuslraled g;raphically

in Figure 3.11. Each phanlom cell in the block of inleresl has a <]irecl c<>rresl>Ondance wilh

a near boundary <'ell in the neighboring mesh block, and lhe block coupling is achieved

numerically by simply assigning the vahle of the correslmll<ling ceil in the neighboring;

block to the t>hanlom <'ell of the block of interest. This procedure essenlially dul>licales

tile interior poinl solulion scheme for the ]war boundary cells, and unif<n'ndy enforces lhe

conservation principles implied t)v the governing equations. Other boundary condilions

relaled Io hllerb]ock <'onmlunicat]on for endwall trealmenl flow calculalions are descrit>ed

in ('hal)ter 4.

3.5.4 Non-Reflecting Inflow/Outflow Boundary Condition Procedures

A t)erplexing asl>ecl of the numerical simulation of turl>omachinery ttowfiel<ls is lhe require-

IllelI| of specifying inflow/outflow boundary conditions for a limile(I COml)ulalional (Iomai]l

for ma<'hiner.v which is operating in an essentially uldimite<l environmenl. For lhe purpose

of analyzing lhese complex flows, our objective is 1o develop a solulion procedure which

salislies three COllS|rainls. Ieit'sl,, the t)oundary procedure IllIIS'{ mainlain a physically cou-

sislelll ['ar field flow condilion which may be specifie<l by the user. ,_e('ond. 1he solution

should be insensilive t<> the relative position of the comt>ulaliollal inlet and exit t>ound-

aries. Third, lhe boundary conditions shoul<l I>e construcled in a nlanner whic]_ does uot

inl r<>duce spurious, nonphysical reflections of traveling waves iulo lhe numerical solution.

Theorelical malhemalical foundations for "'non-reflecting;'" boundary conditious for iui-

lial value l)rol)lems can I)e t'oul_d in many references ( [15], [16] for example). A number of

so-called n<m-refle<'ling boundary con<lition procedures have been develol>Od sl>e<'iti<'allv for

turbolnachinery flow ai>pli<'alions have been t>resenled I)v l';l'dOs el al. [17]. amollg el hers.
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Figure 3.11: A I)P.I ('07 contiguous mesh block couplitl_4 scheme.
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The boundaryconditionproce<tureusedin lhis study followsthe general procedure

<levelol)e(l by Giles I-IS], which was laler expantled a.lid applied t<> 3-1) time-dependenl

lurbomachinery tlow predi<'tion.s t)v Saxer [.1!)].

1-D Unsteady Non-Reflecting Boundary Conditions

The (hwelolmJenl of lhe iiOln'eile<'ting boundary era|dillon proce(lure is I>esl (h,monsl raled

by exatuinin 2 tit(, l)rOl)a._aliotl of waves |raveling in a single spatial dire<'lion. The analysis

begins by examining; lhe linearized Euh'r equations for such a flow wrilten as:

Ol _j___+ A i)l ':__= 0 (3. 107 )
Ol i].r

In lhi.', equa.lion, l_, represents a vector <)[ disturbances 1o an otherwise uniform tlow

al)oul v+hich lhe solulion is linearized, and is rel>resenled by:

I" lI!ltl I

P P

alld .| is lhe .lacobian matrix evaluate(l as:

A =

0 p 0 0 (1!1

0 , 0 0 .
0 0 _i 0

0 0 0 _

0 _,p 0 0 ud

(3.lOS)

(3.109)

Nole (hat the .Iacobian matrix A is evaluated using variables from the known uniform flow

conditions. Saxer [49] notes that these equations i'epresenl a local linearization (i.e.. within

one mesh cell) since the components of A can vary in l>oth the radial and circumferential

direction tbr 3-D turbomachinery flow applications.

The matrix A ('an be <tiagonalized by a similarity transformalion of the form

[ 000, 0 0 0

Y'-_AT= 0 , 0 0 = A (3. ll0)

0 0 _ + c 0

0 0 0 . - <'

ttere c = ,_ is lhe mean flow speed of sound. The <tiagonal COml)onenls of A rel)resenl

the speed of prol>agation of of five characlerislic waves. Multiplication of ]_;qualion(3.107)
v ,

t>v T vi('lds
' O0

-- k i)0
Ot +: _=0 (:}.ILI)

where 4p = T-Ift, is referred to as the vector of linearized characterislic variat)les, and. in

delail, are given by

o: 0 0 fit" 0 10

[ 0:_ = 0 0 0 pc ()

/o4 0 /_<' 0 0 [5,
L o.-, 0 - Pc 0 0 fi

(3.112)
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The corresponding transformation from characteristic to primitive variables is given by

-1

7
0

= 0

0

0

'-0 0 _[2 • O1
0 0 _ _:2 ! 02

:ooijL+ , ,c,[) 1-- 0 o.l
pc'

1 0,,0 0 2

(3.113)

Bv interrogating the direction associated with tile linearized characteristic variables, tile

correct non-reflecling I_oun<larv conditions lot a sulJsonic normal inflow boundary may I)e

expressed as:

el = 0

O2 = 0

03 = 0

o_1 = 0

and for a subsonic normal exit flow boundary as:

(3.1 l-l)

Os = 0 (3.115)

Numerically, the boundary condition Mgorithm is implemented bv calculating or extrapolal-

ing the outgoing characteristic variables fl'om the interior domain, and using Equation(3.113)

to reconstruct lhe solution on the t)oundary.

The non-reflecting t)oundary conditions for ,4 DPA ('07 were reformulated from the origi-

nal equations foE" the 1-D unsteady non-reflecting t)oundary conditions. A simt)le 2-D chan-

nel with a uniform pressure disturbance wave (1-D prol)lem) was studied using I>oth the

generic (reflective) t)oundary conditi<)ns and the newly-formulated non-reflecting t>oundary

conditions. Time-accurate solutions were obt, ained for two grid sizes both with the same

grid resolution; the longer grid spanned from -1 to 2 in the x-direction and the shorter gri<l.

a sul)set of the longer grid, only spanned from 0 to 1. Pressure histories were gathered

for a pressure wave t, raveling both in a quiescen! environmenl and in a Mach 0.67 flow.

These pressure traces were compared al various lime intervals. The resulting pressure lrace

histories, shown in Figures 3.12 and 3.13, show a remarkable reduction in reflecte<l waves

using lhe non-rettecting boundaries. In both flow cases, the generic (reflective) bound-

arv condilions generate false waves which continue to bounce between the inlet and exit

boundaries long after the solution shouhl have come to rest: whereas, the non-reflecling

boundary condiiions appear to le! the pressure waves pass through the boundaries wilh

minimal reflect ion.

Solutions were oh!allied for a.n oscillating flal plate cascade using a series of grids wil h

decreasing dislance t)etween !he cascade and the I)oun<laries. This distance ranged from

six chords away down 1o one-quarter chord away. The ADP.t('07 solutions from !hese

grids are shown ill coral)arisen to the Smith linear!zeal <lata in Figure 3.14. Also iEl<'tuded

are tile results using tile ADPA('07 l-l) unsteady non-reflecting boundary con<It!ions on

liE(' shortes! grid. These solutions were run through 25 cycles wilh a semi-chord reduce<l

frequency of -1.1), a freeslream Mach numl)er of 0.5. a.nd all intert)la(h, phase angle of 0. As

the boundaries were brought ck>ser to !,he casca<te, the accuracy of the predicte<t solutions

did not degra<te as was expected from previous studies.
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0.(_7 flow, (teilionslratili_ the a(ivaiitages of non-reflecting I)otliitlarv ('oliditions.
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Extension to 3-D Flow

The extension from tile I-D non-reflecting boundary conditions, described above. _o higher

dimensions has taken tlle form of a<tapting Saxer's quasi-3-1) steady boundary conditions

1o ADPA('07. These quasi-3-1) boundary conditions are al)plied by using the 2-D non-

refle<'ting boundaries a! each constanl radial slice. Saxer's boundary conditions use a Fourier

decomposilioll in the lfit<'hwise direction to determine the correct incoming characterislics

in tern> of line outgoing c'lmracteristics. The characleristics are relaled to perturlmlions in

line primilive variables llH'ough the equation strewn below'

O1

02

03

0,1

05

-c 2 0 0 0 1

0 0 pc 0 0

0 0 0 pc 0

0 pc 0 0 1

0 -pc 0 0 1

(/,- p)

( .,. - i_..)

(. ,. - .,. )

(p - p)

The details of the implementalion into the ADPA ('07 code are outlined below following

lhe <[erivations t>y Saxer [4.<)]and Giles [48]. 2-D non-reflecting boundary con<lilions are

al>l)lied al each radial slice in tlne 3-1) grid designated I)elow by the index j ranging <m t.lw

mesh from jl to j2 and tlw circumferential index by /,' ranging fl'om /,'1 1o k2.

The first step at eacln radial slice begins by finding the average flow quantities abou!

which to linearize. This flux-averaging process is shown below with the blade pitcln defined

by P:

where,

k=kl + 1

El = ptta-

ki_ = pu_.uo

Iq = pu,.u,.

1:_ = pu,.l

1- ")-" lP+_p l (u_.+ u_+ u_)--2

The averaged primitive variables can be tbund from the above k' array througtn the

relationships listed below:

p--

2'+1

+

+ + F( - .2v, & - <

II 0 =

l,' 1

-lS
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Subsonic Inlet

These avera_e(I flow variables are lhen use(I 1o constru('! lhe four residual e(luations use(1

Io (mI'or('o ill('sut)soui(' inlel <'ou(lition._. "I'll(' e(lualions have 1)eeu hnl)lenlente(I inlo .4])-

I'A('07 usiu_ Ill(' ori_;iual sl)e<'i/ie<l varial)les (.'_.-(;.-,..ht) used hv ,";axer au(I ar(' show.

helow followed t)v the tratlsformation used to COltVerI lho statl(lar(l A DILl('07 inlet Sl)eci-

tie(l varial)les (Pt. 7). A,../_0)lo those used in the residual equations.

\viler(,.

Ri = /,( .'_- .":)

172 = pc ("0 - I" sin(,(0)sin(((,.))

17:_ = pc (ih. - V cos(<(,.))

IG =p(h_-h_,)

•_i = ln(')l,r) - _ In(p:)

((,. = arctall ('os(/;I0itan(_L.)

ht, = %7)

Using: a OlW-Sle 1) Newlon-llal)hson proce<lure, the residuals can he relaled i<) the averag:e

chan_e in the four characteristics. The inverse relation can t>e foun<l using lhe inverled

mat fix of the .lacot)ian shown below:

wht, r(,.

[./1 =
O( R1, R_. R:_, R4 )

O( Oi, 02, 03.04 )

1 0 0 0

0 1 0 2

I

0 0 1 -- 2 ('OS(t,_))(all(,', )

1 :_I_ M,. ½(1 + M,.)

I}x ¢t r tt (_

M.. = -- M,. - Mr, = --
(. (, (.

The average _lol)al chan_;e iu the incoming (-hara('terislics is related l(> the residuals as:

49



whe|'e.

b o2 R 2

bO.:: =- [.1-1] t?:_

_c_t 174

a,ll(l

[.,_l]_- l []1 + M_. + Mfj lan(*_0) + _ "]
('T

[J] =

a,lld

1 + M,.+310tall(.o)+ _ 0 0 0
• ('T

t tan((_0) 1 + M_. + _ -M,. l.an(o0) lall(rl0)
"_-I ('T

1 M---e 1 + 31_. + Mo tan( _t(;)(_,-1)('T CT ('7---_

2 - 2M(; - 2M,. 2

('T = cos(_a) tall(o,. )

There are a few special cases, primarily those where the flow angle definitions go 1o 0" or

90'-', where the above matrix simplifies or becomes undefinable. Tests fbr these special cases

have been coded into ADPA('07 and are treated accordingly.

Once the global changes in the incoming characteristics for the radial slice are found,

the local change must be determined through a Fourier transform. The complex variables

used in lifts derivation are symbolized by hals (c;). As mentioned a.bove, the illcolning local

characteristics are derived from the outgoing characteristics. For 1he subsonic inlet case.

the only outgoinp4 characteristic is Or, and its Fourier transform is found by:

1 L2

L'=/,._ +1

--i2;rl_(0k -- 0_._ )) A0j,,o5t,. eXl) p

fl)r n = 1 1o (/:2 -/,:1)/2- 1. One of lhe incoming characlerislics can be defined il, lerms of
^

Oa by:

: :3 + u0 -,
L')2¢_ -- 05.

c + u,.

where for the subsonic case.

I1 / .) ,)

,_ = i ,-__,V c- -(iq. + ._)
IT"I
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By using an inverse Fourier transform, tile local steady-state second incoming characteristic

is found a,t each circumferential location by:

()21,.._= 2;# C_2_exp

The local change in the characlerislic can lhen })e found by dill'erelwing lhe sleady-slale

value and lhe currenl value:

_O2h:s = 02L's -- 021,.

The lhird inconfing chara<'terisl it" harmoni<'s are zer<>, lhereR_re lhe l<><'al chan_e in 1he third

char'acle|'islic is:

_03/,.,_ --=----03t'

('orre<'tions need to t)e made to lhe first and fourlh characterislics such thal the lo<'al

rabies o[entropy and tolal enlllall>y match lhe average values. These vahles can l>e <)l_la.ined

through a similar Newlon-llal>hson l>ro<'edure used earlier in lhe <h,rivalion of lhe _;lol>al

changes. The residuals R_I"lhe local entropy and tolal enlhalp.v are st,! u]> as shown I>elow:

1_'1_.= p(._. - ._)

t?4j,. = p(ht_ - ht)

t:ronl the Newton-Ilaphson proce<hu'e, lhe local change in the remaining charat'lerislit's can

be tbun<l as:

b04_.., - 1 + .11,. -

Once all the global and local changes have been determined the cumulalive change can

be found, mull.iplied bv an under-relaxation [actor currently sel bv <r = 1/(/+2 - /"1 ):

,_O1_.= <_(bO_ + bO_.._)

bOak = cr(b6:_ + bOat,_)

ao4_, = a(a04 + a04_._)

The change Io the fifth (ou_;oin_;)characlerislic is calculated from lhe inl<,rior domain by:

bO_,t. = -pc( _L, - u,.)+ (p- p)
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Supersonic Inlet

For the supersonic inflow. (@ + u_) > c 2. the calculation for tile global change remains

unchanged and the Fourier tl'ansforln is no longer required. The steady-slate value for ilk(,

second characteristic can now be defined as:

where 3 is now defined as:

02k s --

:3 + .o
05k

(" Aft II x

= -.,i:/,,( 'd + -

Once lhe sleadv-state value is found, the relnainder of the boundary condilions renlain as

described above.

Subsonic Exit

At the exit. the first four characteristics are delermined from the inlerior of the domain.

and only lhe fifth characteristic is incoming. The e<luation used lo delermine the global

change in the fifth characteristic is:

bO5 = -2(p - P_:,.it)

where, p,,.it is the specified average static pressure at lhe radial slice which the boundary

con<lilion is being applied. The distribution of Ill(, static pressure is detornlilmd through

satisfying radial e<luilibriunl al lhe exiI.

To determine the local change in the in('oming characteristic, discrete Fourier I ransfbrnls

of lwo of the outgoing characteristics at'(' required:

l ]"2

L'=L'I q- 1

-i27rn(0_, - 0]`._))o2t, exp l > ._XO]`.

: 1 ]`2

04n--p Z

k=kl+l

O.t# ext) (--i27rn( Ok - Ok_ ) ) _Ot .P

for , = 1 1o (/,'2 -- /,'t )/2 - 1. The i|wonling characteristics Call be defined in Ierms of 02
^

and 04 by:

C) q _ -- 02. 04 ¢i

:3- uO ;3-- ttO

where ,J is define<l in the subsonic inle! section above. The steady-state value of lhe tiflh

characteristic can t>e found tllrough the following relation:

O5k,s

(]`> /_)1/2 1

= 2_}_

The h)cal change in tile characteristic is then foulM by (tifferencing the sleadv-stale value
and the local value:
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(_05ks = 05ks -- 05k

The total change ill the fifth characteristic is caiculaled by smmning the local and global

changes then nmllil)lying by an under-relaxation faclor:

bo._. = er(_Oa + <_0_,_.._)

The change ill lhe I'olnaiIlillg fOlll" (OUtgoing) characlerislics is deterniined from the

interior:

bo_t. = -i'2(p- p) + (p- P)

book = pc( uo - ._ )

_0._,. = pc( ._. - .,. )

_o4t, = Pc;( .;.- u,.)+ (p-p)

Supersonic Exit

Tho only ('hallge to the exit i)rocedure above if the exit flow is supersonic is lhe l:ourier
lralisforiii iS lie lOlig0r required aliitl lhe steady-slate vahie of lhe rift h cliaracterislic is fOlllld

t)V:

"2 ii.r , _ Jr- rio "

4_5X. s i _l 7 -- II 6 _)2L" _7 -- _l 0 Cg_IA"

wliero ;J is defined in the supersonic inlet sectiOll albove. The reniain(ler of lhe exil l)oundary

colidiiions follows the Salllle derivalion as for sut)sonic exils descrit)ed al)ove.

Once lhe lolal changes 1o lhe characteristic variables have been del0rnlhied froln lhe

appropriale I)oundar,v condition above, the correspondhig ciianp_;e hi tlie l)riinilive variables

Call t)o follnd I)v:

-: 0 0 _I__> m.>

1 1
0 0 0 2_ 2_c

0 1_I 0 0 0

0 0 & 0 0
pc!

1 1
0 0 0 7 7

bp

buo

t_ii,.

bp

b 02

b03

boa

\Vilh lhe priniiliw' variables updated, the conservative valriat)les are sel in lhe phanioni

('oils to enforce these new variables at the boundary.

One of the features of usinp_; these boundary conditions is thai ralher than enforcilig

a conslalil boundary value at, every point along lhe l)itch, the values nia.v vary circunlfer-

oniially as long as lhe average flow value is equal to the l)rescrit)ed I)oundary condition.

This nieans iil practice the upstream and downstreanl boundaries can be t)roughl in closer,

lherel)y reducing tile nun|bet of grid points needed, W]llhOllt degrading llhe sohllion. Some
inilia] lesl cases indicaled l,ha| lhe Saxer bOllndary CollditiOllS also a('celerale CO]lvergellCO

Of the sOlillliOll: lhis is probably related to the reduclioli in spurious waves t)Olilichig back
and forl h I)elweeil lhe hilel and exil boundaries,
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Residual Equations Reformulation

The majorily of the details for the implementation of tile non-reflecting boundary conditions

into the ADPA('07 code was outlined in the paragraphs above following the derivations by

Saxer [49] and Giles [4S]. However: some changes were made to the derivation during

the code debugging phase to facililale a more direcl al)plicafion for turl)on,achinerv tlow

calculations. These minor changes are discussed below.

After lhe flow variables are averaged in the pilchwise direclion, lhese quantities are

used to construcl the four residual equations used t<) enforce tile sul)sonic inle! condilions.

The residual e<tualions have t>een reformulated using lhe A1)1_,4('07 user specified vari-

ables for lo!al pressure, total temperature, radial flow angle, and tangential flow ang;le

(Pt,,,, I),,,. ,:¢,.. ::t6,,, ) ralher lhan those presenled I)v Saxer. The new resi<tual equalions are
listed below:

R I =p:-pt,. =P 1+_1 -Pt,,,

R_ = u0 - u_, lan(,_0,,, )

R:_ = u,. - u,. lan( A,.,,, )

R.1 = 7':-1),. = P+ - Tt,.

The residuals are related to the average change in the four characteristics using a one-step

Newton-Itaphson procedure. The changes in the residual equations were taken into account

when recalculating the inverse Jacobian used to determine the global changes in the four
charac!eristics a,! the inlet,.

A change was also made in the under-relaxation factor used with lhe total sum of lhe

characteristics. The under-relaxation now only modifies the value of the local characteristic

change and not the sum of the local and global values. This change appears to be a more

direct apt)lication of tile theory l>resented in Saxer's thesis.

Sample Turbomachinery Application

One of the advantages of using these boundary conditions is that rather then enforcing a

('onslanl boundary value at every l)oint along the t)itch, the values mav vary <'ircunJer-

entially as long as lhe average flow value is equal lo the l)rescribed I)oun<tarv tend!lion.

This means in practice the upstream and downslream I)oun<laries can l)e brought in closer,

!heret)v reducing tile numl)er of grid f)oin!,s needed, withou! degrading the solution.

The NASA Rolor 67 was selecled as a t,es! case 1o (le!ermine lhe effects oflhe non-

reflecling boundary conditions. Inviscid ca,lculations were performed for the rotor using an

ll-tyt>e mesh with boundaries located awav f'rom tile blade using the original A I)tSI ('07 tur-

I)omachinery I)oundary con<litions. To show the influence of tile mesh t)oundarv, the inlel

and exil l>oundary locations were later t>rought in extremely ck)se lo lhe blade. The lo-

cations of lhese boundaries on lhe shortened mesh were taken to a.n extreme to a ml)lit }"

the effecl of the boundaries on the solution. Invisci(1 solutions were gathered using the

shortene<l mesh for I)oth the original turbomachinery l)oundarv condilions and lhe alex,+'

non-reflecting boun(larv con(lilt<ms.

The static pressure distributions al the casing surface were cOral)areal for lhe three

solutions. Figure 3.15 show the resulls from the orig;inal long mesh along with an outline
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l:ie;ure3.15:Static pressurecontoursat the casingfor Rotor67on1helong:g;ridusing;|he
original turt)onmchineryboundarycondilions.

of themeshboundary.The contourlinesareclippedat tile samelocalion fromwhichthe
ShOl"lmeshwasextracledfromthe originalmeshfor easeof comparison,t"igures3.16and
3.17showthe resultsfromtheshortenedmeshusingtheoriginalturbomachineryboundary
conditionsand 1henon-relle<'ti||g;boundaryconditions,resl)ectively.The sl)ecilicali(>nof
constanlstatic pressurealong;tit<'pitchat theexil canbeseetlhi Figure3.lfi asthecontour
linesare <'ompresse<lback hlto the solutiondomain. In comparison,the tlOll-reflecthJg
bout,<lary<'on<litions results,shownin I.'igure3.17.allow for variationsa<'rossthe pitch
whichcan beseenasthe static pressurecontourlinespassthroughthe ])ouudary.From
these(and other) results,tile non-reflectingboundaryconditioncalculationon the short
meshal)l)earst<)matchmorecloselytheoriginal longmeshsolution.

lu terms of compu'_ational expense, the use of tile non-retie<ring; boundary proce<tures

ceriainly re<luires additional (!['U lime compared to the simple Reimann invariant I>oun<lary

1)ro<'edures. The add<led ('PU cos'(, while not measure<l directly, wan believed lo be quite

small. One could argue that this added computational effort couht conceivably have been

use<l to exten<l the mesh (placing lhe boundaries farther away)and employ simpler (and

cheaper) boundary procedures with similar results. The drawback to this approach is that

the trade-off point between additional mesh poinls and boundary condition expense is diffi-

cult to define <>na case-by-case basis, and evalualion of the effecl of boundary l)la('emenl on

solulion accuracy almost certainly re<luires multil)le calculations tbra given solution. Use

of the non-reflecting boundary procedures eliminates these questions and serves to remove

at leas! one I)otenlial source of solution inaccuracy.

3.6 Turbulence Model

An a restlll of COlll])llle[" limilations regarding storage and execution sl)eed, the elf'ecls of

lurl)ulence are inlr<)duced throug;h an al)pr<>t)riate lurl>ulence model and solulions are l>er -
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Figure3.16: Slatic pressure contours a! lhe casing for Rotor 67 on I lie short grid using lhe

original t urbomachinery boundary conditions.

Figure 3.17: Static pressure contours al tile casing for Rotor 67 on the short grid using the

new non-rettecting boundary c'ondilions.
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formedon a numericalgrid designedIo caplure the macroscopic(rather lhan the micro-
SCOl)iC) t)ehaviorof the flow.

Tile effectsof turhulen<'eare introducedinto lhe numericalschemebv utilizing lhe
BoussinesqapproximalioI_(seee.g.[42]),resuhingin an effbclivecalculationviscosily<]e-
linedas:

tt,ffecti,,< = ]ll,,,>,i,mr + /tt,,.t,,,l(,_ t (3. 116)

The sinlulal ion is therefore l)erformed using an effectiw, viscosily which comhines the effe<'ls

of the physical (laminar) viscosity and the effects o[' turbulence thr<)ug;h the lurl>ulence

model and the lut'bulen( viscosity /+t,,,.+,,t:,,t. The turbulent flow (hertnal conduclivitv lertn

is also treated as the comlfinalion of a laminar and lurl)ulen( <luaniily as:

_'ef.f_cti,.( = _:l,t,,g_a,r + L:tnrb,I, ,*l (3.117)

l:or turbulent flows, the lurbulenl thernlal <'onductivily kt,,,.i),l,,_t is delermined from a

lurbulenl Prand)l number Prt,,,.I,,/+,,e such thai

t>,.t,,.t,,,l_,, t _ Crltt,,,.t+,,l_ ,,t (3.11,S )
]Qurb**ge_t

The lurbulenl Prandll number is normally chosen to have a value of 0.9.

In this study, lwo different lypes of lurbulence model were used io compute the eddy

vis<'osity used in the Boussines<l apl>rOximation described above. Tile tirst model is reDrred

to as an algebraic tlll'hll[ellce model due to the algebraic nature by which tile tlll'blllOlll

viscosity is calculate<l. Algebraic models are generally the simplest models available for

computational aerodynamic analysis, and are "tuned" based oil correlations with tta! plale

lurbulenl boundary layers. Unfortunately. the simplicity o[" the modeling approach lim-

its the usefu[ applicability of Ill{' model to flows which consist primarily of well behaved

(n<m-separaled) wall bounded shear layers. To overcome lhis limitation, a two-equation

(url)ulence model was c<msli'ucled based on lhe (urbulen('e kinetic energy and turbulence

Reynolds numher. Two e(luation models generally overcome )he limila(ions of algebraic

models, bu( require subslantial]y grea(,er coding and compuler resources to iml)lemenl.

Both tno<lels are described ill grea)er deta.il in the sections which follov,.

3.6.1 Algebraic (Baldwin-Lomax) Turbulence Model

A relatively standard version of the Baldwin-Lolnax [34] turl)ulence model was adopted for

the algebraic too<tel used ill l.he A DPA ('07 analysis. This model is COml)ulalionally efficient.

and has been successfully applied to a wide range of geometries and flow conditions. The

Baldwin-Lomax model st)ecifies thai the turbulenl viscosity 1)e based on an inner and outer

laver of (he boundary laver tlow region as:

{ (tlt,,,-_),l,-,,t)i,,,,_,., g <_ g,-,-o_._,,,.,,. (3.11.0)Ittur/'ul_ "t = (/tt,,rt,,,le,,t ),,,ter, g > .tJ,'rosso,'_,"

where 9 is lhe normal distance to the nearest wall, and y,-,.o_.,,,,._,, is the smallest value of

9 at which values from the inner and outer models are equal. The inner and ouler model

turbulent vis('osilies are defined as:

(l't,,,+)i,,,,,,. = P/2[_'[ (:3.120)

(llt,,,.t,),,,,t,,. = K('<.l,#l.;,,,,a. ' l_.l,t,g (3.121)
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ttere,the term l is the Van Driest damping factor

l = hy(l - (I-y+�'{+))

_' is tile vorticitv magnilude, f),,,,_._ is defined as:

(3.122)

f;,,:,_.: = 9,,,,+./:',,,,_- (3.12:5 )

where the quantities 9 ....... . f; ..... . are determined from tile flmclion

t'(:/) = ul,*'l[1 - ((-_,+/..a+)] (3.124)

The lerm .q+ is defined as

,q (,/ p[_o[ ) (3.125)
\ Vltbl .I .a ," ...... II

The (luanlily f_IAX is lhe maximum value of f'(y) that o<'curs across the boundary layer

profile, and gM.4x is the value of y a! which FMAA'(g) occurs. The determination of FMAX

and !Jat.ax is perhaps the most difficult aspec! of this model for lhree-dimensional flows.

The profih, of F(g) versus !1 can have several local maximums, and it is oflen difficull

lo eslablish which values should be used. In this case, F3t.4x is taken as the maximum

value of F(g) between a g+ value of 100.0 and 1200.0. The function l"_.l¢_,is the Ktebanoff

intermittellcv factor given by

FL+_,(t_)= [1 + 5.,5(('_q'_:----2)';]-_ (a.12_)

and the remainder of tile terms are constants defined as:

A + = 26,

('_p = 1.6,

('_q_b = 0.3,

h" = 0.4.

K = 0.016_ (3.127)

In practice, tile lurbulellt viscosilv is limited such thai it never exceeds lO00.(/ times ll,e

laminar viscositv.

In order to properly utilize this turbulence model, a fairly large number of grid cells

must be present in the boundary laver flow region, and, perhaps of grealer importance, the

spacing of lhe firsl gri<t <'ell off'era wall shouhl be small enough to accurately account for the

inner "'law of the wall" turbulen! boundary layer protile region (g+ _< 5). Unfortunately. this

constrainl is often not satisfied due to grid-induced probh, ms or excessive <'omputaliona]

costs. Special attention was given to tile problems associated with grid relinement and the

resulting effects on predicted hea! lra nsfer in Reference [25].

Practical a pl)lications of tile Batdwin-Lomax model for three-dimensional viscous ttow

must l>e made with the limitations of tile model in mind. The Baldwin-Lomax model was

designed for the prediclion of wall bounded turbulen! shear lawws, and is not likely to

be well suited for {tows wilh massive separations or large vorlical struclures. There are.

unlbrtunalely, a lmnll)er of apl_licalions lot turbomachillerv where this lnodel is likely to I)e

invalid.
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3.6.2 Wall Functions

The Bal<twin-l,omax turbulence model currently iml)lenlen'_ed in the A l)ILt('code is valid

for many tlows of engineering; in(ores! provide<l (ha! ade(luate mesh resolution is available

Io capture ill(, subs(ale, near-wall viscous flow behavior whi<'h is crucial to torte(fly l)redicl

1he overall bom|dary laver t]<)w characleristics, t:'o1' most applications, t his implies I hal the

firm Illesh [)Oillt av<ay frOill Ill(, wall must be locale(] al a value o[' y+ less |hal| o1" equal to

1.0. where 9 + is defined as:

[lu'tdl V [Ll,:lll

where 7,,,_,t I rel)res(_llls 1]1o viscous shear slress al lhe wall. alld ttn,_dl all<] [_,,,_,II are the tluid

viscosily and <h,nsily al lhe wall. UnforlunaleIy, for many cases il is nol possil)]e o1" feasible

Io <'Oml)ly wilh lifts resl ri<'tion <tue to tra deoffs l>elween minimizing t)olh lhe overall nulnt>er

of grid poinls and mesh sl retching ratios. Additional COml>utalional consi<lerali<ms inusl be

_iven ['<)I' lime-<lependent flows, where lhe maximum allowable time sle]) is often dictated

l>v the near-wall mesh spacing. The wall function method is widely used as an approach

towards resolving the intluen<'e of the near-wall flow t>ehavior wil houl aclually (lis<'relizin_;

lhe inner i)ortion of the l>oundary layer flow. The wall function method is, <luite simply, an

empirical st>ecitication of the wall shear slress t>ased on local near-wall flow characleristics.

This approach has several a<lvanlages including a COml>ulaliona] savings (bolh (IPU lhne

and m<,mory), an<l by providing a means by which additional empirical informal ion about a

parli<'ular flow may be inlro<luce<l to the numerical solulion (<'.2. surface roughness modeh,<l

b.v a modifie<] wall shear stress relation) at litth' or no additional cosl. Wall function

lechni<lues for lurbulence models have been proposed and used by many authors including

Spalding [6-1], \\'olfshtein [65]. Patankar and St)aiding [66]. an<l Launder and Spalding [67].

The implemenlalion of the wall flulction procedure in the AI)PA(' code is based on

a rather novel approach involving lhe manipulatiol_ of the near-wall eddy viscosity. The

"'slandard'" melhod for iml>lementing wall functions is 1o relax the no-slip wall boundary

('on<lilion (all<)w a slip velocily al the wall) based on [he requirement of no normal flow

and Ill(, spe<'ifie<l wall shear stress. This approach often requires specific mo<lilicalions lo

the lurbulence model, near-wall t>oundary conditions, viscous slress calculalion, and energy

equation solulion routines. The tinile volume formula lion ulilized in the ,IDt>ACcode allows

for a number of options when iml>lementing the wall fun(lions formula. An illuslration of

the near-wall conq)utalional configuration for lhe AI)PA(' code is given in Figure 3.1s.

The objective during the ADPA(' wall function imt>lemenlalion was to minimize lhe

number of roulines which required modification in order to imi>lemenl the wall fun(lion

model. This goal suggesled that it. was desirable 1o maintain the no-slit> wall boundary

<'on<lil ion in ils original form, and hence the specified wall shear slress was iml)lemente<l t>v

manil)ulaling lhe value of 1.11('phantonl cell t.urbulenl viscosity.

The A DI>A( ' al)proach can t)e illustrated most easily bv considering the viscous tlow

over a tlaI l)lale as shown in Figure 3.18. A shear slress (erm at 111<,wall such as:

is <'alculate<[ numeri<:ally as:

[lu,_ll[ * --
_9
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ADPAC Near Wall Computational Cell Structure
for 2-D Flow Past a Flat Plate
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Figure 3.1,_: Near-wall computational structure for wall function turbulence model.
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where, in this case. t/ represents the combiued l urbulenl and laminar viscosilies

1 )( _n.2- ",:,, )
P,,._,ll= -_(tt,._ + Pi.1 All

The sul)scripl i,j indicates a niesh orienled cell-ceniered flow value, where i. 1 is lhe value

ili 1]1o piialllon/ cell. aiid i,2 is tile value al the firsl inlerior cell lio_tr liie wall. As lllOll-

lioii('d, lll_lli.V couipulalional schelnes satisfy the shear slre,_s requirollionl by iiiodifyili_ lhe

wall w,locil.v I)oundary colidilion through ilialiil)uialiOli of lhe lerili ui,i ili liie exailil)le

above. For lhree-dhilonSiOlial flows, lhis ])OCOliies OVOli iiiore coiliplicalod as iilultllile ve-

lociiv COlii])OllelllS iilllS1 I)o adjusiod lo salisfy llie overall wall ._]lOltl" sl l'OSS. The A DI{4('

iliipieliielilaliOli ili,Sload niodities lhe wall l uriiulenl viscosily l)ollndal"y Colidilioli lhrough

liialiil)Ulalioli of the siii_le lerni Jli.i. This iniplies ihal lhe lurl)ule,il viscosity ai lhe wall
is ilOil-Zel'o, which violales lhe liOriliia] specilicaiioil, ttowever. SiliCe l lie l llri)il]elil viscosity

i,_ used e×clu,_ively hi l]io caiculatloli of lhe wall shear sli'ess and ileal couducliou lOl'liiS,

llie resulihi_ calculalioiis are coiisisleul wiih the (Iosired shear ._li'ess Sl)OCificaiion l)olh iii

iiia_uilu(l(' and direction, siuco lhe near-wall velocities drive lhe wall shear si ress dirocllv.

This forliiUl_+ttioli, hi eft],cl, also iniplies a wall fuliclion based heal flux. l:or calculalious ill

wllich heal lransfer i,_ Uliilliporlalil, this effeci is lie_li_il)le. The iiifilleliC(' of l lii._ apt)roach

on flows willt heal Iransfor lii_lv I)o lesled in ftltlll'O sl udios.

The siioar sl tess spocificalion used ill the presenl a pplicalion of wall funcliolis is based

on llie following ['orlliill_+t (7)r t lie wall shear sl tess coeflicieui:

. ')

c S = -0.001767 + 0.03177/17_ ,, + ().2:)(i I.ItR_ 7,

The lorlii ]_(,_ iS the t/eyuohls litliili)el' based eli near-wall velocily, densily, and viscosily.

where the lenglh s('a]o is llio iiorllial (lislance frolli tlie wall 1o liie first interior doniaili

calculalion cell. Tile wall shear slress liil4y llien he calculaled frolii tlie forniula:

_2
_-,,.<,tt = 0.5, cy • p, I _._t

wher0 I]_/ is lho u0ar-wall relative flow total velocily.

3.6.3 Two Equation Turbulence Model

IAuiilaliolts associated wiih tile inipleiiienlalion of the algebraic ([laldwili-Loniax) lur-

t)uleuce lilodel hi the ADPA(Y)7 code prouipled llie deve]opiuenl of an advanced (lwo-

eqli:-ll)oii) t lirl)ulelice liiode]ili_ capal)iliiy. As pari of lhis study, all advaliced lurl)ulelice

lilode] was iiicorporated inlo the ADFA('07 code to perniil accurale prediction of a wider

l'_lli_e of flow coiidiiioii,_, and hopefully ini|irove the abililv to predict highly loaded fan and

COlil[)r(_ssor bhide row flowfiolds. Initially, lhis efforl was directed ai priuiarily lwo-oqualion

lurl)uieliCO lliodols (k - (.q- _, etc.) |)ul was llot necessarily hilendod Io lie ]hnited lo

i lios_' uiodels. Of I)ariicular inleresl was l iio use of "'l)OilliWiso "" lurbuience liiodels which do

nol roqilire l)redeierliiin<at[oil of the location of the iiearesi solid surface, a,s do liiosl turl)u-

lence liiodels. This fealure provides a siTnificant shiiplitication of lit0 lurbulence liiodelin_

prolileliis associaied wiili a iilullil)ie blocked liiesh ('ode such as A I)IJA('07.

The fol'iil of l lie iwo-equaliou lurbuleuce niodel used in the .IDIJA('07 advanced lilr-

bUlOlice lliode[ inll)leilienl, alion was based on lhe lwo-equalion 1_- "_ iiiodel described by

(,ol(ll)erg [(i,_]. This is esse_lially an exiension of il_(' llahhviu-tlarth [69] e(lualiotl svsiem
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as implemented by (;oldberg [(iS]. The transl>ort equations defining lifts niodel are de-

rived from the "standard" fbrm of the k - ¢ turbulence model equations as tollows (so<, e._;.

Wilcox [63])

o(/,_ ) ---
a---7-+ v . (:,v k ) =

(:,k )-'
v. [(/, +/'__L')v_.] + p

crk (

O(p_ ) ="
-- + V .(pl'<) =

Ot

v. (/_ + '_)v< + (2 - ('_)_- - (_ - ('_)p_
G_ k

where P is the turbulent kinetic energy production term define<l (for a ('artesian coordinate

syslelll ) as:

01 Ol 01 Ol: OI

t, =/,,[(v;, + 7+). _ + (v_ + _). _ + (v,_, + 7).

.5

i): 3

By defining a new variable "R as

and noting the identity

k 2

P_ = -- (3.12s)

l)_ 2Dk D_

Baldwin and Barth subsequently <teveloped a transport O<lUalion for 'Pv from lhe k and (

equations. The final form of the k - Y_ equalion syslelll ('all be expressed as:

(3.129)

o( :,k ) =.-
_ + v. (:,_k) =

(pk) 2
v. [(/, +/'--_-_)v_] +/,

0(?'_) --
0---)--+ v. (?t_) =

(t t + Pt )_--,2-_ P "Rt'
--or, - --a,V.t • V'R + ('2 - (',,)--_ - - ('2 - (',,):,k

where:

In develol>ing the difl'usion terms in lhe _ equation certain Ierlns were olnilled based on

order of lnap_;nitude consideralions (although the actual sleps usod in the derivation are not

obvious from the authors' description in Reference [69]).
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(,oldberg subsequently develope(I a "'pointwise" turbulence model based on the k -

equalion svstem based on early work I>y Launder and Shanna [70]. tiere the adjective

"pointwise" implies thal lhe calculation of the turbulent viscosity is only dependent on [tow

data which is local to any poinl in the tlow. Traditionally. mosl turbulence models re<tuire a

calculation to determine the physical <tistance to tile nearesl walk or shear layer centerline.

Since lhe A I)t_A('07 co<le possesses arl)itrary numbers of mesh l>]<>cks, wall boundaries,

etc.. delermininp,; the distance froln any given mesh point t(> lhe nearest wall is a formidatfle

COml)utationa[ task, and therefore, the l)ointwise turl)ulence model provi<les an enormous

sire plifi<'al io..

The ca lculalion (as reporled by (;ol<lt>erg [6,R]) oflhe turbulenl viscosity proceeds as

follows:

th = ( ,f,p'R

f

(<l : 1.4-1

(',, : 1.92

_k = 1.0

m = 1.3

(' O9, = O.

.f, : f,('Rt) - l - ,-'_'v'f

..1, = 2.5x1() -(_

.,i_ = 0.2

pR. k _
_t :-- :

where Rt is, in effect, the turbulence Reynolds Number.

The form of the k - _ mo<M is similar to other two-e<lualion models, and lhe co(te was

('onst ru<'te<l so ! hat i! can I)e rapidlv altered to solve ot her two-equal ion models ( k - (. q- _,',

el<'. ) as nee<ted. The k-'R model is particularly atlractive due Io the simplified solid surface

t)oun(lary con(Ill ions.
k=0 "R=0 (3.[30)

and tlowfMd inilialization
k_ lxl() -a _ lxl0 -_; (3.131)

Numerical ilnl)lemenlation of the two-equation lur|)ulence mo<telinA stralegy involves

several differences from lhe solution procedure des('ril)ed for the l{cvnohls-averaged Xavier-

Slokes e(lualions. "I'll(' k -'R e(luations were advanced in time using tile same finite volulne

(lis('relizat ion and 11unge-l(ulla lime marching proce(lures des('ril)ed in previous se('tions.

N<) a<hled (lissipalion was used for lhe k- _ equations. Instead. the c<)nvecl ive cell face flux

evalualions were performed using a [irsl or<let upwind apt)roximalion for the flow varial)les

<)n lhe <'ell face. The k and _ variables lhemselves were limile<l 1,v enforcing tile con(lilion,_

k,'R > la:l() -'_. The production l erm l _ was also re(luire<l to hay(' a l o _.egativ(' value.

Vali(lation slu(lies illuslralinp.; the <lualily of solutions obtained wi! h lhe :1 l)l>,,t ( '07 k - "R

turbulence nlo<M are _iven in ('hal)let 6.
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3.7 Overall ADPAC07 Numerical Solution Procedure

The overall solution procedure begins by defining a set of initial data, and advancing the

solution from that l)oint forward in time until the desire(t solution (steady state, time-

periodic, or finite t.ime interval) has been reached. Initial dala is normally specified as a

uniform flow, or mav be read in as a "'restart" of a previous existing solution. Normally.

for steady flow calculations, the "full'" multigrid st.artu l) procedure is utilized t.o accelerat(,

convergence by initializing the solution on a. coarse mesh I)efore incurring the exl)ense of fine

mesh iterations. Steady slat(, solutions are normally deemed converged when the average
residual R has been reduced by a factor of l0 -3. or when the residual has ceased to be

reduced. Fxl)erien('e has shown that pressure-drivel, flow quantities generally converge

first (e.g. mass flow. lift. ('t('.) while viscous driven flow quantities converge after more

iterations (e.g. loss). In many cases, l he average resi(luals mav al)l)ear to t)e converged.

while integrat(,d (luantities such as loss continue to change. ,_olutioll converg(_n('e must

also be interl)reted with this behavior in mind. It is possible tha! for some steady flow

calculations, the soluti¢)n is truly unsteady (i.e. - vortex shedding I)ehilld a circular cylinder)

and in these cases tile residual may no! be redu('ed t)eyolld a ('erlain limit.
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Chapter 4

Code Parallelization

4.1 Introduction

One of the practical difficulties of t)erfol'nling ('VI) analyses is tin(linpd sufficient compula-

lional resources to allow for adequate modeling of cotnplex geonwlries. Oflentimes. work-

stalions are not large enough, and supercomt)ulers have either long (lueues. high ('()sis. or

])<)lit. ('learly, a means of circunlvent.ing these (li[ti('ulties without giving Ul) the flexibility of

the ('FI) code or the COml)lexily of the model would 1)e welcome. One possibility is to write

a ('ode which could run in parallel across a number of l)rocessors, with each one having only

a l)iece of the l)rol)lem. Then, a numl)er of lesser machines could be harnessed logelher to

make a virtual supercomputer.

The most likely candidates for creating such a machine are desktol) workstations which

are fully loaded <hiring the day, but sit idle at night. Tt'emelldous ('OlnpUlaliona] l)ower

coul<l be made available al (ideally} no extra hardware hlvesl menl. There are also massively

parallel ('olnputers available on the market desip_;ne(l specitically for such applications. These

machitws are aiming; at order of magnitude iml)rovements over l)resenl supercomputers.

The prol)lent o1" course, lies in the software. Parallelization is today about as painful as

veclorizalion was a decade aggo. There is no standard parallel syntax, and no compiler exists

which can automatically and effectively parallelize a code. It is difficult 1o write a parallel

code which is 1)[atform in(lel)endent. What makes things worse is thai there is no clear

lea<ler in lhe parallel COlnl)uter industry, a.s there has been in the SUl)ercompuler industry.

The objective behind the <levelopment of the consoli<laled A Dt>A('07 described in this

pat)or was io create a l)latform independent parallel code. The intent was to design a

parallel code which looks and feels like a traditional code, capable of running on he'(works

of workstations, on massively t>arallel computers, or on the traditional supercomputer. User

effort was lo be mininfized bv creating simple 1)rocedures to migrate a serial problem inlo

tlt(' parallel environnlent and back again.

4.2 Parallelization Strategy

The ,l DI>A('07 <'ode has some innate advantag;es for tmrallelization: it is an explicit, multi-

block solver with a very flexible implemetltati(>n of the boun<lary conditions. This presents

two viable opliol,s ['or l)arallelization: paralhqize lhe internal solver (lhe "'line-grained'"

approa('h), or [)arallelize only tit(, I)oundary conditions (the "'coarse-grained'" apl)roa(']l).

The fitle-graitm(I al)proach has t he advantage lhal block size is not limited 1)y l)ro('essor size.
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This is the approachfrequentlytakenwhenwriting codefor massivelyparallelcomputers,
which are typically madeup of manysmall processors.The coarse-grainedapl)roacllis
favoredwhenwriting codefor ('lustersof workstations,o1'othermachineswith a fewlarge
processors.The dilemmais that a parallelADPA('07 needs to run well on both kinds of
machines.

The fine grained approach is especially enticing for explicit solvers. Explicit ('odes have

proven lo be the easiest to parallelize because there is littte dala dependency belween points.

For a single block explicit solver, fine-grained parallelization is lhe clear choice. However,

with a multiblock solver, the boundary conditions must be parallelized in addil,ion lo the

interior poinl solver, and tha! can add a lot of programming effort. The coarse-grained

apt)roach is a dmitte<lly easier for multi-block solvers, bul whal if lhe blocks are leo big for

lhe l)rocessors? The simplesl answer is to require lhe user lo block oul 111(, problem so lhal

il fits on the chosen machine. This satisfies the programmer, I>ul tile user is faced wilh a

tedious chore. If the user decides 1o run on a <tifferenl machine, then the job mav have 1o

be redone. The pain saved by the programmer is passed direcllv 1o the user.

A corot)ternise position was reached for the parallel A DFA ('07 code. The coarse-grained

apl)roach is used, I)ul supplemental tools are provided to automatically generate new grid

blocks and boundary conditions for a user-specified topograt)hy. In this way, the parallel

portions of tile ('ode are isolaled to a few routines within ADPA(Y)7, and the user ix not

unduly burdened with archilecl ure considerations. I)etails of running the :tD1),,t(W7 in

parallel are given in a later chapler.

4.3 Description of the ADPAC07 Parallel Implementation

This section describes the basic structure of tile consolidated :1DtL4 ('07 (;ode, a 3-1) Euler/

Navier-Stokes analysis developed tor the express purpose of providing a robtlsl, ttexibh,

aerodynamic analysis tool for aerospace propulsion apt)lications. The analysis is ('apal)le of

predicting 1)o111 steady state and lime-dependent flowfields, an(t was slruclllred lo lle capalllo

of either serial execution or parallel execution on massively parallel or workstation clusler

computing platforms from a single source code. The serial/parallel execution capabilily is

determined solely at compilation bv a simple library' subslitution.

Researchers a l IUPUI 1 parallelized an early' version of ADtYl('07 using the Al)i)licalion

Portable Parallel Library (APPI,) [76] ('onmmnicalions library. This (:ode was porled lo

an nCUBE 2 massively parallel computer al Allison by porting the necessary AI'PL rou-

tines to the nCUBE. The APPL library was developed a l NASA, and is designed Io allow

applications to run in paralM on many architectures withoul changing the source code. It

is essenliallv an interface between the application and the parallel COmlmter (or clusler of

workstations) which insulates lhe application from machine (tependent functions. At present

APPI, is available for Inlel iPS('/s60, Intel Della, Alliant. Silicon Gral)hics workslalions.

and IBM RS6000 workstalions and workstation ('luslers. Since each machine has differenl

message l)assing prolocols (UNIX sockets, node-to-node communications, etc.), there are

compiler directives which selecl lhe appl'ol)riate routines for a t)articular machi|m.

The :\PPL library includes routines for sending and receiving messages, and a numl)or

of routines for timing, processor identification, and checking the message buffers. Each of

lhese routines has a straightforward analog in n(IUBE syslem routines, which were added

1lift)ill is Indiana Irniw,rsity/l)u,duv Itniversity al Indianapolis
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1oAPPL with a compiler flag to identify them. APPL also has other features which are

no1 re(luh'ed by ADPA('O7. which were nol porled as part of lhis task.

tIaving ported the necessary APPL routines t.o the n('UBE, the IUPUI version of ,tl)-
•, • .I)A('07 ran with vh'tualh" no changes on 1he n( |HI,. Two small lest cases were run one

with one |)lock per processor, and one with lnult]ple blocks per processor, l}olh converged to

the corrt,ci answer on varh)us numl)ers of i)rocessors. }lowever. ! here were l)robh'lns when a

larger problen, was run on a large nunll)er of processors. The execulion at)or]ell because of

]nessa_es overflowing the ct)nlnllitiicatio]]s l)llffer. The ]i('UBI:. al Allison ]ins 6-1 l)]'ocessors,

each with -I megal)ytes of lnenlory. For each job. ]lielllOrv ]s allocated Col" the exe('utat)h'

i]llage, data storage, (-O]]llnlllliCnl, iOllS l)ul_l'e] ', stack alid hea l) buffers on each processor. It

was determined by runni]lg other 1)roblems. lhai all inol'dinale anlOl]]lt el' buffer Sl)ace is

used I)v lhe code.

"I'll(' reason lot the large but|'er reqllit'el]|e]]ts iS 1]tal all l)rocessors selld dale 1o each

other siulullanoouslv, and then all processors read lheh" hlcol]lh]g ]llessa_es. In lliis schenle.

the coilllnn]lh'nt h)ilS I)]ifI'er holds all of the 1)oundary (lain at one thne. This also nleans Ilia/

t,eull)Orn]'y storage illllSl [)e allocated to hoht all of tile inconfi]lg data until the boundary

condition ]'oulhles Call use it. Actually, each flow varial)le is sen! and received separately.

reducing; the requirenlenls by a factor of six. This slill leaves a COlll]llll]]}cn| ions re(luirelnent

equal to 1/3 or more of the data on each processor.
An allerl}alive co]ntnulficalions scheme takes a(lvanta_e of the way I)oun(lary con]Ill ions

are alll)lied ill A I)I>A('07. BOul]dary conditions are el)plied by looping over an ordered

list of conditions, with I,he aI)l)rol)riale blocks pa]'licipati]lg at each slop. In t)arallel, each

processor h)ol)s over tlle same ordered lisl. but Ilarticil)ales only in tile conditions whicli

require action by one of the blocks assigned to it. If a processor is not involved in a part i('nlar

boundary tend|lion, il conlinues 1o loop through the boundary tend|lion list. Since each

boundary condition invoh, es, at nlosl, two |)locks (and therefore, at most lwo processors).

this provides a natural mechanism for scheduling communications etficienlly.

For each boundary condition in the ordered list, each processor checks to see if il needs

to send data to nnother processor. If so. il sends a message to lhe apl)ropriate processor

indicating that it is rendy to send. It then wails for acknowh, dg;emenl from the receiver

before sending lhe requiretl data. If the boundary condition does not call for the processor

to send (lain, it then checks tosee i['il needs to receive data. If st), il wails unlil tile rendy

to send message conies from lhe at)prol)riate processor, and lhen relurns an acknowledge-

nlenl lo begin the communications. In this way, no more than one data packel is in the

colnnlunicalions buffer at any tinle.

While there is a l)eI'formance penally associaled with processors waiting l.o synchronize

communications, lhere is a potential performance inlpl'ovemenl ill removing lhe commu]li-

cations bottleneck which occurs when all processors send and receive simultaneously. The

boundary conditions are still applied in parallel, becanse each processor wails o]lh" when

it is involved in conlmunications for a particular boundary condition. There is lit) delay

for l)oundary conditions whh'h (h) not require interI)rocessor communications. Figure -l.l

illustrates lhe differences between the two communication schemes.

Since communications are performed only when needed, the colnnlu]licalio]ls t)ro('ednres

need to I)e coded into lhe boui,dary conditions. AI present, there are relatively few bound-

arv tend|tie]Is which could potentially require interl)rocessor commuuicnlious. The IlIOSl

COIIIIIIOIi of lht'se is the PATCH con(lilh)n (see [2s]), which re(luires tilt, flow varial)les fronl

a neig_hboring; fact'. To a('('on_modate parallel computalions wilhoul dislurbing llie orig;i-

hal patching alg:orithm, a sul)rouline was added lo load snlall tmnl)orary arrays wilh the
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ADPAC Parallel Communication
Sample Problem

Ph,scaIrllBlocks 1 2 3

 r°c°s °rllllMap o 1 2

Boundary Conditions

B. C, Sender Receiver

1. Patch 1 2 Proc 1 Proc 0

2. Patch 2 1 Proc 0 Proc 1

3. Patch 2 3 Proc 2 Proc 1

4. Patch 3 2 Proc 1 Proc 2

Original Procedure Revised Procedure

1. Initialize problem

2. Solve interior points

3. All processors send data

4. All processors receive data

5. Compute B.C.'s

Proc: 0 1 2

a. BC 1 BC 2 BC 3

b. BC 4

6. Repeat steps 2 - 5

Notes:

Original procedure requires very large
communications buffer, but communications
are isolated in the code.

1. Initialize problem

2. Solve interior points

3. Compute B.C.'s

Proc: 0 1 2

a. BC 1 rcv snd
b. BC 2 snd rcv

c. BC 3 rcv snd

d. BC 4 snd rcv

4. Repeat steps 2 - 3

Revised procedure requires small buffer,
but communications must be coded into

boundary conditions. Synchronous

communications insures scalability to more

processors. Memory requirements are

reduced because fewer temp arrays are

needed for incoming data.

Figure ,1.1: Improved communication scheme reduces Inemory requirenlents.
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required data. performing communications as necessary. The original l)atching subroutine

is then called wilh the lemt)orary arrays passed as arguments, el]let' boundary conditions.

such as the mixing plane routine and the radial equilibrium routine are handled in a similar

tilalllier,

4.4 Domain Decomposition

()m' of the mosl dillicull prot)len,s in parallel COml)uling is delermining how Io subdivide

lhe oriRinal problem inlo a balanced set of smaller pieces. Since the sohllion is paced 1)v

the slowes! processor, there is a significant speed penally assoe'ialed with load imbalance.

The IU PUI version of A DP.I ('07 was cal)al)le of alltOlnat i('ally sul)divieling llw solulion

domain, accordinp.; to user sl)ecificatio|ls. The code (lelermines whal aeldilional boundary

condili(ms are re(luired and this involves specifyiI,_ lhe numbel" o[' divisions in each indicial

direction [br each block in a file named ca._ename.parallel. This adds very lit lie work lo run

an A I)1(t ('07 case in parallel.

Using lifts approach, each processor reads in lhe enlire block ('onlaining 111e piece as-

signed to it. and lhe, runs only its piece, resulting in a massive waste of memory. For

example, for a singJe block problem, only I/'Y of lhe memory is actually used on a case

running wilh N processors. This is obviously u|laccel)table for large numbers of processors.

T[lere are lwo obvious seine ions to lhis l)rol)lenl. The user couhl creal e the A 1)E4 (-'07 in-

l)Ul wilh lhe apl)ropriate number of blocks R)r parallel COmlmlalion initially, so thal 11o

furlher subdivisions are required. This could be quite time consuming, and would be pav-

licularly Unl)leasaz,l if a reslarl was desired on a differenl number of processors.

The other obvious solulion is to use the subdivision algorithm in the paralh, I A1)-

I_4('07 lo do lhe decomposition and write out new input files. A parallel preparation

program was crealed (,qlXlSl(') from the IUPUI version of .IDI_A('07 which accomplishes

this task. This program, running on a single processor, reads an .41)t{4('07input set and

wriles oul 111e new subdivided grid file, and the a l)t)ropriale boundary condition file. The

tlow solulion is lhel, ('()nll)uled ill parallel as a separale.job, which writes out reslarl tiles in

lhe subdivided form. A progranl to reassemble lhe pieces into a single reslarl file COml)atibh'

wilh lhe original input was also developed (I,¢A('I{4('). In lhis way, a job can be run on

any number of processors, and then l)ostprocessed in lhe same way as lit(' serial version o["

,,tDI{4 ('07. ,\ job could also be restarted on a different l|un11)er of processors by rerunning

lhe 1)reparalion code with new subdivisions.

In any evenl, lit(' burden of insuring balanced blocks reniains with the user. Experience

with other codes running on the nCUBE has shown that simply dividing the domain with

roughly 0qual nmnl)ers of points on each processor is salisfactory. When running lnultigrid.

some ca,'o must be exercised to insure thal multigrid tmlnl)ers are preserved in lhe new

blocks.

4.5 SIXPAC (Block Subdivision) Program

S'IXI{4('. which stands for Subdivision and Informalion eXchange for Parallel Adpac

Cal('ulations. enables lhe IlSel' to redefine tile block Stl'lletllre of all :II)PA('07 job. Using;

5;IXFA('. large grid blocks can I)e subdivided to improve load I)alance. or lo make use of

smaller memory processors in l)aralle[ calculations. £'IXI_.I( ' generates new input, mesh.

restarl, and 1)oundala tiles for 1he subdivided problenl, crealing new blocks according; to
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userst)ecifications.Tile resultingfilesrepresenta,problemequivalent1othe original, but
with more,smaller,blocks.Althoughthe mm,I)erof uniquegrid pointsis unchanged,the
total numberof pointsis largerbecauseof duplicationat interfaces.

Tile motivationfor ,glXPA(' comes from the way A DPA('07 was parallelized. Rather

thau parallelize the inlerior poinl solver, ADP:I(Y)7 was l)arallelized through Ill(, boundar.v

conditions. All individual block cannot be run across multiple processors; each processor

rnusl contain only whole blocks. This implies thal a prol)lenl wilh a single large block

couldn't be run in parallel. S1Xt)A('enal)les large blocks to be recas! as groups of smaller

blocks, st) thal they ('all be l'/lll ill parallel. £'LYPA(' is not required 1o run a problem in

l)arallel, but it shnplifies the process of setl]ng up a problem for oplinlal parallel perfor-
lllance.

The preprocessor reads the original large blocks, subdivides lhenl for the desh'ed number

of processors, and generates apt)ropriate boundary condilions ba.s(,d on |he original bound-

a i'v condition lisl and on the subdivision scheme. Generating boundary condilions for tesl

cases uncovered some errors an(t omissions in the boundary condition generation routine. Ill

general, determhfing new boundary conditions 1)etween neighboring blocks is a complicated

problem, as depicte(I ill Figure .1.2

The complications arise from non-aligned blocks and from indices which run in oppos]le

directions in neighl)oring blocks. Even when the original blocks are nicely aligned, lh(,

sut)division scheme can lead to non-aligned blocks and a(l(lilional boundary conditions. The

general case includes non-aligne(I blocks in both tile "m'" and "'ll'" dii'e('lions, and possibly

indices which are opposed in bolh directions. The boundary condition generation routine

was rewritten to handle all of these possibilities without user intervention.

Input files contain information which specifies how the blocks are to be subdivided.

The required information includes the mmll)er of original blocks, and how each block is

to be subdivided in each indicia] direction (i, j, and k). In each direction, the number of

subdivided blocks, and possibly lhe locations of the subdivisions, mus| be specified. If Ill(,

number of subdivided blocks ill a particular ('oordinate direction is sel to 1, then the block

is not divided in that coordinate direction.

By default, blocks are split into the specified nulnber of equal sized pieces. If there is a

remainder, it is spread over the processors to create nearly equal sized pieces. If unequal

divisions are required ill a particular direction, then tlle location of each division IlIUSI be

specified in that direction.

Unequal divisions are often enq)loye(1 to [)reserve levels of multigrid, or to I)Ul tit(, edge of

a geometric feature on a block boundary. Figure 4.3 illustrates how differen! block strategies

affect nmltigrid. If, for examl)le, there are 21 t)oints in the I direction of a block, 3 levels of

multigrid are possible. If this block is divide(1 into two equal pieces of 11 points each. lhen

only 2 levels of mulligrid are possil)le. However, if the hlock is split into a block with 13

l)oinls and a block with 9 points. 3 levels of multigrid are still possible.

If a restart file is to I)e created for the subdivi(led problem, lhe inl)u| trigger FREST

IllllSt be sol equal to 1.0 in the <'a._(nam<.i_pllt tile. This tells £'1Xt_4(' to look for a

c<ts<na_e.rc._lart.old file, and to subdivide it. A Nca._mm_.r,._tart.old file is written, and

the new int)u! file will be set up to run with |he new restart tile.

4.6 BACPAC Block Reconstruction Program

BACPA('. which stands tor Block Accumulation and Consolidation for Parallel Adl)ac

70



Creation of New Boundary Conditions

for Subdivided Blocks

I I

I I

I Block 1 I
I I

I I

i ................. 1

I I

I I

i Block 2 i

I I

I i
I I

B.C. Lblockl Lblock2

1. PATCH 1 2

Original blocks with PATCH boundary

Block 1 Block 2

I

i
I

I

I

i

I li !l
i i
I I

!

i Patch 1

i
i
I

I

I

::::::::::::::::::::::::::::::::::::::

L

I

I Patch 3

Patch 2

Block 3

I

i
!

I

!

li _AL!
I I

' i
I I
i i
i

Patch

Block 4 Block 5

4

B.C. Lblockl Lblock2

PATCH 1 4

2. PATCH 2 4

3. PATCH 2 5

4. PATCH 3 5

New blocks with PATCH boundaries

t"i_ur(' 4.2: ]_oundary condition generation belwe('n neighl)orillg blocks often result,s in large

tluml)("t's of pal ches.
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Subdivision of Blocks to Preserve Levels of Multigrid

Subdivided Mesh Indices

1 11 -'_i _ 1 11

1 11 21

Original Mesh Indices

Subdivision into two equal pieces results in blocks with 11 points. Only two

levels of multigrid are possible, even though three levels were possible for

the original block.

Subdivided Mesh Indices

1 13-,_, t_,-1 9

1 13 21

Original Mesh Indices

Subdivision into two unequal blocks, one with 13 points and one with 9

points, yields a grid capable of three levels of multigrid, like the original
block.

Figure-t.3: (:a, reful block division can preserve levels of mult, igri<t.
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Ca.lculalions, reassembles subdivided .4 DPA('07 files into lheir original, undivided form.

It is used in conjunction wilh ,q'IXPA(', an<l t)erforms essentially the inverse operalion of

SL\'PA('. BA('t{4(' can reconstruct mesh. P1,OT3D. or restarl files, producing new files

which are equivalent to whal would have been l)roduced had lhe problem been run with lhe

original, undivided blocks. Using ,S'IXf"A(' and BA(754(', a problem can be subdivided

and re('o,,slru('le(t any numl)er of ways to take advantage of availal)le COllll)lller resot, rces.

The oulpllt files produced I)v BA('PA(' are the .Yca._(mtm¢.mr.'d_.ba<" file, lhe Nr'a._e-

,am<.p3dab._.bac and the Xca._,am(.p3drel.bac files, and lhe Nr,am_mm_._v._larl.b,<" file.

The .ha<" suffix is used Io avoid confusion with existing files. (',enerally lhe Xcos< name. mt._h.tmc

need not be created because it is identical to lhe original (.,s_,am<.m_sk file.

4.7 Load Balancing via Block/Processor Assignment

l,oad balancing is a critical issue for paralM COmlmling tasks. While il is beyond the

SCOl>e of this program to perform <letailed load balancing analyses f<>r every paralM com-

lmtin_ platform leste(], it seems reasonable to provi<le some term <>f c<>nlrol it, order l<>

distribule computational tasks efficiently across a parallel COml>uting nelwork. In lhe par-

alle[ :1DI->A ("1)7 code. this is I)esl accomplished through manipulation of the ldock/processor

¢[isl ribution scheme. Bv <lefau]t, lhe parallel ol>eralion of ! he ,| [)IL, t ('(37 code provi<les an

aulomatic block 1o processor assignmen! I)y dividing up the blocks as evenly as possible.

and. to lhe greatest degree possible, assigning sequential I>lock numl>ers on a _;iven proces-

sor. t:or example, if,s bh)cks were divided between 3 processors, l>locks 1.2. and 3 would be

assig:ned to t>rocess #0. blocks -1.5. and 6 I<> t>rocessor #l. and blocks 7. and S l<> pro<'essor

#2 (n<>te that the processor numl>ering scheme is 0, I. 2. elc.). This procedure is nearly

o[>limal when each I>lock ix lhe same size. and each processor has the same computational

l>ower. Unfbrtunately, our experience is thai block sizes and computalional resources often

vary <h'ama!ically. In this regard, a system was <tevelope<l which permils the user to specify

the bh>ck to processor a ssignmen! through a special inpul file ((.as_ ,amr.blkproc). A sample

<.as(,omt_.blkproc file is given below for an S block mesh distrilmled across .1 t>rocessors:

number of blocks

8

block # proc #

1 0

2 1

3 1

4 1

5 2

6 2

7 2

8 3

In lhe case described 1)3" the at>eve file, block 1 is assigned to processor #0. blocks 2.3. al,<l

.l io processor #1. blocks 5, 6, and 7 to processor #2, and block ,S to processor #3. This

blo<'k assignmenl ,night t><,a<lvisable for the case when blocks 1 aud s are siogniticanlly lar_er

in size than 1he o!her blocks, or if' processor #0 and #3 have less men,<>ry or a slower (:PI;

than t iw remaining l>rocessors. The defaul! block assignment scheme previously described

is elnph_ye<l when the co._e ,om_.blkproc file is not <lefined.
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4.8 Serial/Parallel Solution Sequence

In order to run ADPA('07 in parallel. ADPA('07 must be conq)iled for parallel execution.

The chapter oil code compilation ill the A DPA('07 User's Manual [2_] describes tile proper

('omt)ilation procedure.

A DPA ('07 is l)arallelized using the Application Portable Parallel I, ibrary (APPL) rues-

sag(, passing library, developed at NASA Lewis. Reference [76] explains how Io write code

using APPL and how to run codes written with APPL. While APF'I. runs on many plat-

forms, this section will deal with only two of them: homogeneous workstation clusters and

,I('U BE massively parallel computers. These two plattbrnls are representative of how .4 I)-

PA ('07 runs in parallel. The APPL document should be consulted for cases not covered in

this manual.

Regardless of the lflatform, running A DPAC07 in parallel requires the API)L compute

fun('tion and a procdqf file. ('odes running un(ter APPL are not initialed by typing lhe

execulable name. t)ul use the APt)L compute function inslea(l. The syntax for exe('uling
A Dt54 ('07 is as follows:

compute < cast namt.iuput > output

The compute fimction controls the execution of A DPA('07 on lhe various processors.

taking additional input from the p_vcdeJ" file. The procdef file contains lhe names of the

executable images and the processors that thev are to be loaded on. The compute fimc-

tion establishes COlnmunications with each p,'ocessor specified in lhe procd_ffile, loads lhe

ADPA('07 executable image, and initiales the run on each processor. Also. the compute

function oversees tile running processes, monitoring the processors for abnormal termina-

tions. If a colnmunications error is lrallped, or if a process has died unexpectedly, the

compute function shuts down all of the remaining processes gracefully. This feature is

most iml)ortant on workstation clusters, which have no built-in mechanisnl for monitoring

paralM jobs.

The no,'mal ADPA('07 input file is redirected fi'om standard input to the compute

function. The redirected input is available to all of the processes (although A DI'A('07 cur-

rently does all reading from node 0). The output file may t)e redirecle(t, or allowe(l to

stream to the terminal, just as in a serial execution.

The procd(f file should appear in tile directory where lhe job is beinp,; run. It. has a

different syntax ti)r the various 1)arallel t)latforms. The simplesl formulation is for hyl)erculle

machines (n(:UBE and Intel). A sample pro('& f file for an n('UBI:, 2 is as follows:

someuser frntend . ./adpacp.ncube -1 4

The _irst token in the procdef tile is tile user name (sonleuser). The se('on(t loken is

lhe name of the front-end l)rocessor t.o tile n(:UBE 2. The third token is the l)alh to

the directory for int)ut and output files (in this case. the currenl direclory, "'.'" is used).

The fourth token is the executable name (the t)ath may be st)ecifie(l io I)e sure the correct

executable is used). The fifth loken specifies how the t)rocessors are mapped (-1 indicates

hypercube ordering, -2 indicates mapping into a ring). |tyl)ercut)e ordering is generally

preferred. The last token specifies the number of processors to t)e allocated (4 in this ('as(,).

Similarly, a saml)le proc&f file for a workstation chlsler is a.s folh)ws:

someuser hostl

someuser host2

someuser host3

1 adpacp.aix

1 adpacp.aix

. 2 adpacp.aix adpacp.a±x
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Ii, thisexample,theft,'stthreetokensrepresen!theusernanle,hostnameandthepath
lo theworkingdirectory..iuslasbefore.Thefourlh tokenindicateslhe nund)erof processes
1obe runon thehosl.andthe remailfingtokensare tile executable images corresl)onding lo

lhe l>ro<'esses. The last line of the example shows 2 processes runnhw; on host3. When more

than one process is specified for a given host. an equivalent nunll)ev of execulable imag;e

names re,s/ be specifie<l. Using; this procd<f file. the virlual parallel COml>uler will consis!

of four processes running; on three workstalions.

The host machines in a works!alton cluster must be conne<'led by ethernet, t>u! do no1

have lo share disks, or be parl of lhe same sul>nel. This provicles tremen<lous flexit>ility ill

COllSl ructing a works!alton cluster, llowever, lhe primary performance bollleneck encoun-

lerecl on workslation ('luslers involve the network. The benefils of adding processors may

l>e more lhan offset bv poor network I)erforman<'e. The Ira(leo[[' varies with the l)vol)lem

and with lhe hardware contiguratiol,.

hl general. Ill(' behavior of AI)PA('07 in paralM is lhe same as in serial. This is

esl)ecially I rue if l here are no input errors. Theoutpul files may be difl'erent iflhere are

inlml errors. There arc' lwo general l.vl)es of inl>Ul errors <h,lecled in .ll)I_A('07. Errors

involving the gri<l or lhe inpul file will generally 1)e delecled I)v all processors, and lhe error

messages will appear as they do in serial.

If. however an error is discovered in a boundary condilion l'ouline. Ill(' ou11)u! messages

will pvolmbly appear difl'erently in the output file, and may no! appear a! all Since .II)-

P.l('07 boundary co,,lilions are applied in parallel, no<le l) does nol exe<'ute all o[" them.

but only !hose involving; a block assigned lo node 0. If node 0 does nol encounler the error,

lhen a dif['erenl node writes 1he error message. Since the wriling node is out of svnc wilh

|locte O, the error message may be wril ten to a different place in t he oulpul file than if node

0 had written it.

Buffering; o[' output on the various processors can also cause a problem. Usually, after

an error message is printed, execulion is stopped on all processors. If execution is slopped

before the buffer is flushed, t het_ output nlay be lost front sonte processors. The result is

that an error message coulct be caught in the bufl'er and never al)pear in tile outpul file (not

all svstetns tlush the Imtf'er conveniently when a l>rocess "'hangs" ). If A I)PA ('07 l erminates

for no apparent reason, lhis may explain the problem. The solution is Io rerun lhe job

without redirecling the OUtl>Ut. If outpul is not redirecte<l, it is normally t,ol buffered, and

all of the outpul will appear.

It is also possible to get multiple copies of an error message if more than one processor ell-

counters 'the error. Wherever possible, AD[L4('07 has been coded lo avoid these l)roblenls.

l)ut these unfc>rlunale possibilities still exist. Therefore, running A I)1°.t('07 interactively

is lhe best way 1o track down input problems.

Aside from these consi<lerations, running A DPA (Y)7 ill parallel is very much like run ning

A Dt>A('07 in serial. The input files are identical, and the outpu'c files are very silnilar. The

most common problems in running ADPAC07 in parallel are failing to use tile compute

fun<'t ion, im properly specifying the parallel configuration in I he procdef file, anti at lelll pl i llg

to run a serial executable in parallel.

4.9 Performance of the ADPAC07 code in Parallel

('ode perforlnatwe data was _ellerated for parallel AI)t>.I('07 l)v successively doubling and

successively halving a l)rol)lem on an n(:UBI_ 2 computer. I,imite<l <lala was also c<>llecled
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from runson the LA(!E (LewisAdvancedClusterEnvironment)clusterof IBM RS-6000
workstations,but theseresultsarenot asmeaningfulbecausetile runswerenot madeill
a dedicatedenvironment.Speedfactorswerecomputedby dividing tile time for a single
processorrun bv tile timesfor multipleprocessorruns.

Tlle problemchosentbr the n(!FBE wasa subsonicduct flowwith an initial 17x17a:17
grid. This is computationallysimilar to a cascadeflow.but is muchsimplerto manipulate
whenhalvingand doubling. All runsweremadefor 50 iterationswithou! multigri(t. The
turbulencemodelwasactivatedat the 10thiteration.

Timing data wascollectedfor four categories:time in initialization, time computing
thesolution,timewriting outpu! files,andtime spentapplyingboundaryconditions.CPU
time fl'om node0 wascollectedfor eachcategory,which is equivalentto the wall clock
lime in the dedicate(In(!UBE enviromnent.The initialization and output timesmay be
skewedI)y contentionwith olhersfor 112edisk drive,which wasnot dedicated.Tile disk
drive wasnfs mountedto the n('I'BE front end. sonetworktraffic could alsoaffecl 1/O
(input/output)times. "Filesolutionandboundaryconditiontimesarenot affecte<lt)yeither
of thesesituations.

The purt>oseof successivelydoublingtile prot)lemis to delerminescalal)ilityto larger
l)roblemsrunning on moreprocessors.The successivehalvingshowsthe speedt)enefi!of
runningtile sameprot)lemon moreprocessors.In successivedoubling,the sameproblem
was rerun with the grid sizedoubledin eachdirection. The numberof l)rocessorswas
alsodoubledin each<]irection,soeveryprocessorhasthe same(17a-17a'l7)numberof grid
l)oints.Theblockswerel)atchedtogetherto form a singlesolution<]omain.

Ill successivehalving,thesameproblemwasrerunonmoreprocessorswith prol)ortion-
atelv smallergrids. Tile grids are nol exactlyhalf the sizeof their parentsbecausetile
edgepointsof eachblock nnlst [)e repeated to insure mating bh)ck faces. This I)ec<)mes

significant as the number of l)rocessors grows. The single processor case uses a 17x17x17

})lock for a. total of 4913 points, but the 64 block case has 65 5x5x5 blocks for a total of g000

l)oints. If the intent is to determine the speedup from further sut)division of a problem,

then a comparison of raw solution times would be appropriate. If. howew, r. the intent is to

determine tile scalal)ilitv of the code, normalizing tile solution times by lhe total number

of grid t)oints wouh] be in or(ler.

nCUBE2 Results

Figure 4.4 shows lit(, raw data from the successive halving series of runs. All alarming trend

is noted in the total times: the times drop and the rise again as the number of processors

is increased. As seen in the figure, the princil)al cause of this is a. signifi('an! increase in the

I/O time (initialization t)lus output times).

Further examination shows t hat the input time is substantially worse for larger numbers

of processors. There are lwo l)ossible explanations for this: eilher lhe broadcasting of the

data is slow, or the parsing of' the input and boundary data tiles is slow. The parsing

routine does many character comparisons tor each input and boundary item. These seem

particularly slow when watching the output file stream by. Since the boundary data file sizes

roughly correlate with tile initialization curve, this is likely to I)e the largest conlributor.

ttowever, the ('o|'relatio21 is ltol exact, indicating that reading and broadcasting tit(, grid is

also significant. The shape of lit(, initialization curve is pretly much as expected since the

grid anti boundary data files are growing with each successive halving.

The output times are roughly constant with l)roblenl size, which is probably evidence

of network an(1 disk contentions since the amoun! of output grows with problem size. Since
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Parallel ADPA C Timing Runs

Successive Halving of Problem Size
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Figure .1..1: ('onq)arison of (!PI" times for a prol)lem subdivided over a range of processors.

77



tile output time is small, it is difficult to assign much significance to its behavior.

In any case, the I/0 times are a fixed cost of making a parallel run: it takes the same

amount of lime regardless of the number of iterations. For airfoil cascades, 200 iterations

are generally enough to reach convergence on a fine mesh using three levels of mulligrid.

The significance of the I/O time is lherefore reduced bv a l least a factor of,l in pra<'lical

problems.

One surl)rising result is thai lhe boundary condition times <lecrease wilh more ln'O -

cessors. Since each boundary condilion involves fewer l)oints as the number of l)rocessors

grow. there is a downward trend on the time required, but the communica! ions requirements

grow substantially. This indicates (hal the communications overhead is no! imporfan! for

patched blocks on the n('UBE.

The solution time decreases uniformly with each successiw, halving, as expected. The

slope of the curve decreases because more points are required for each successive run.

Figure 4.5 shows the speed factors achieved in the successive halving sequence of runs.

Ideally. the speed factor would be the number of processors, but aclual performance is

degra<te<t for man.v reasons.

The curve labeled "'Soln time" shows the speed factors based on raw('PU limes for Ill(,

solver in each run. The curve labeled "Soln Time/Grid Poinl'" shows the speed fa<'lors on
a normalized basis.

In eilher case. the nulnbers are nol very impressive. The principal cause of lhe degrada-

lion is (hal tile surface/volume ralio is increasing as the numl)er of processors grows, l:or

example. 1he single block case has 6.r17x17 or 1734 surface points with 4913 poin)s in the

volume, while the 64 block case has 6.r5a'5 or 150 surface points with only 125 points in

tit(, volulne. Thus, the relative importance of the t)oundary condition time grows with lit,,

numl>er of t)rocessors. Tile lesson here is that ('ode performance is best when each node is

fully loaded. Using more processors to solve the same problem will reduce solution time,

but with high efficiency.

Figure 4.6 shows the speed faclors resulting from successive doubling of the problem.

In this series, three runs were made: 1 processor, S processors, and 64 processors, each

using a 17,r17x17 grid. As seen, the speed factors are quite good, indicating lhal parallel

ADPA('07 can be effectively applied to large problems. The parallel effectiveness of the

code is S9.4% using 6.1 processors. Actual performance will vary with load distribution,

grid size. and the type of boundary conditions use<l. Something on tit(, order of 50(/, more

nodes will fil on each n(IUBE processor, so l)erformance could be slighlly belier, t)ul the

grid size was chosen for convenience in successive halving.

Figure 4.7 shows the raw ('PU limes for successive doubling of the t)rol)lem. Again, lhe

lotal times are 11ol terribly impressive, but for differenl reasons than for lhe halving case.

In this figure, the solution times are excellent: only a t2(/(, increase in overall solulion time

whell the l)roblem size increased by a faclor of 64 (numl)er of l)ro('essors also increased bv

a faclor of 6t). The growth in lhe boundary condition time a('counls for this increase. Tho

Iotal limes look poor because ()film ()ul 1)ul tinle, The slol)e of lhe oulpul lime curve shows

a nearly linear growlh with problem size, which is expected.

The initialization lime does not show lhe same drastic increase as lhe OUll)Ul lime. The

initialization lime is comprised of inl)U! processing, boundary data ])ro('essing. and reading

lit(' grid. I1 was seen above !hal the parsing of character data is slow on !he n('UBE.

Addilional timing data is needed to explain (he ini!ialization performance. The OUll)Ul tiles

are 15.3 limes bigger than the grid file. so l/O performance probloms will l)e accenluale(I

in the ()ulpul routines.
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Parallel ADPA C Timing Runs

Successive Halving of Problem Size
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Figure I..5: (!omparison of speed factors for a problem subdivided over a range of processors.
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Parallel ADPA C Timing Runs

Successive Doubling of Problem Size
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Parallel ADPA C Timing Runs

Successive Doubling of Problem Size
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The problem is not in tile relative slowness of I/O due to problem size, but with the

absolute slowness with which tile output is performed. [;sing 61 processors, tile restart and

PLO'F3D output uses 2/3 of the total ('PI T time for the run. There are some serial oper-

ations in tile creation of l he plot3d files which need to be parallel!zeal belier. Apparently.

these serial operations are a severe impediment to good overall performance.

[t has also been noted that I/O using tile Scientific I)atabase library (SDB)is not very

eflicien! on lllany I)rands of machines. Previous experience has shown SI)B to be a very

poor performer on Cray comtmlers, and it would appear that the same can t)e said for

u('UBE machines. For examl)le, a 3-I) Euler solver using SI)B input used 30(/( of the total

(IPU lime to read the grid and write tile restart fi]e. The SDB t)erfl)rlllalice vlas improve<]

markedly when the FORTRAN conversion of each data word were scrapped in favor of

direct (' l)inarv writes (see tile discussion of CSDB in the ADP.4('07 Users Manual [2S]).

LACE Cluster Results

Figure 4.S shows the speed factors resulting fl'om running the same I)roblenl on increasing

numbers of IBM RS6000 workstations on the LACE cluster. In this tiKure, the same 64

block problem was run on a range of processors. The curve labeled "'Total Time (LA(T.)'"

shows speed factors taken fi'om wall clock times for each run. The second curve shows

a (lata point using the ALLNODE switch. Although not evident on the graph, the IBM-

l)roprietary ALLNODE switch (a special hardware device used for low latency inlerprocessor

communical ion) provided a 30</pertormance improvenlen! over using the standard etherne!

network connection. An n(!UBE curve from tile successive halving is shown as a point of

comparison.

Although this figure is interesting+ it is not very significan!. The I,A('E runs were made

in a shared environmen! with contention for bo!h (:PU lime au(l network t)andwidth. The

['act lhal the n('UI._E curve is similar io the LA('E curve is <teceiving: Ill(, performance

<legradation is for different reasons. As explained above, the n('UBI + sl)eeds are degrade([

by input file growth and bv a declining surface/volume ratio. The LA(:E runs were all

Oil all identical problem: 64 blocks with the same boundary con<titions in each run. The

surface/vohme ratio an<l the input file lengths are constant. The degradation on [he LA('E

is a result of high latency ill communications an<l conlenlion for resources. Since contention

was a significant t)roblem (rues! calculations performed ill multiple-user mode), no filrther

analysis of these results was performed.

4.10 General Summary of Parallel Computing Experience

Using A DPA CO 7

The following conclusions summarize tile authors experience using tile ADP.4('07 code

ill parallel computing environments. Parallel computations t>ertbrmed (luring this stu(ly

utilized either a. 6,1 l)rocessor n(,[TBE 2 parallel computer, or the XASA-l.ewis LA(II: cluster

COlnputing environmenl.

Parallel/serial code flexil)ility can be adequately achieve([ using a I)lock/processor de-

coml)osition al)t)roach.

Physically constructing a virtual parallel computer from networked workslal.ions may

require significant addilional investmenl over and above the cost of tile worksla.lions alone

(both in hardware and system administralion).

'File advantage of Ill(, networked workstation concept may lie more in tile ability to
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PRELIMINARY Parallel ADPA C Timing Runs

Constant Problem Size, Successive Doubling of Processors
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do extremely large l>roblems in a reasonable amount of lime as opposed to doing smaller

problems very rapidly.

Like many studies of realistic applications involving parallel computing technolo_;ies,

load balancing was identified as a critical issue for efficient use of nelworked conq>uling
resouFces.

Parallel computations are most effectively i>erformed when lhe user carefully considers

the effects of load balancing and minimization of interprocessor communication overhead

through careful block/t>rocessor assignment and boundary condilion speciIication. When

these issues are carefully ad<lressed, then there are signitican! advantages in empl<>ying the

parallel capabilities of the .4DFA('07 code.
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Chapter 5

ENDWALL TREATMENT

ANALYSIS DESCRIPTION

In this section, tile numerical techniques used to predicl turbomachinery flow[ields with

endwall t t'eai, nmnts are (]escril)ed. The general approach al)plie(l in this study was to exl)]oi(

the mull il>le l)Iock mesh ('a,l)al)ilit, ies of tile A DPA('07 flow solver 1<><Oul>le the en(lwal]

)real men) and blade passage flowfiehls. Separate computat i<)nal domains (mesh blocks) were

utilized for l>o(h the blade passage and a( least one (or more)endwall treat)ileni passages

(grooves, slots, recessed vanes, etc.). Three specialized boundary conditions wet'(' develol)ed

to couple tile flow domains. These boundary conditions result fi'om various (le_rees <>f

modeling assumptions used to simtllit_v the blade passage/treatlnen( passa_;e aerodynamic

interaction. Each of the lll)'(,(,l)oun<lary conditions and lheassumllti<)ns inherent toeach

approach are describe<l it, detail below.

5.1 Endwall Treatment Boundary Conditions

For (,lie prediction of compressor endwall treatment flows, separate numerical mesh syslems

were utilized for both the compressor airfoil blade passages and )lie en<lwall trealmen(

passa,ges. Three different boundary condition procedures were utilized to cout)le the en<lwall

treatment/blade passage flowtMds and are illustrated graphically in Figure 5.1. The first

technique, referred to as )lie direct-coupled a l_l)roach, is utilized for 1hose cases where there is

a direct corresllondence between mesh I)oints in the treal merit meshes and the blade passage

meshes at the endwall interface. This construction l)ernfits a direct, l)oin( to point Iransfer

of informatiotl froln one mesh block to another. This approach is limited to geometries

for whi<'h conliguous mesh systems can I)e generaled, which, in this study, is limited t()

cir('umferenl ial groove <'as)rig treatments.

The second approach, referred to as the en(Iwal] treatment (ime-averaKe approach.

is applied to e,dwall treatments which are n<>n-axisymmetric ill nature. This tYl)e of

treatment includes (lis<'rele axial or blade angle slots, recessed vane sets, and circu)nfer-

ential grooves. The I>rimary objective of this approach was 1<) develop a nun)eri('al c<>u-

plin_ scheme for discrete trea'(ments which would represent the time=averaged influence

of (he ()'eat,)et)t [)assage/blade passage aerodynamic interaction. This approach is re-

sit')<'led to sleady stale [lows due to the time-avera_;ed assumption inherenl in the pro-

('e([ul'e. J)l[! siml)lifies the analysis in that only a single blade passage and a sin_;le dis-

crete en<lwall lreatmenl passage re<luires modeling in lhe overall solution. The en<lwall
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Figure 5.1: Etldwall lreat, tnen! numerical 1)oundarv co]Mitions.
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lreatmen! time-averageboundary treatment is based on a concep! similar to tile "'mix-

ing l>lane "' i realme_t (see e.g. [35]. [24])oflen used in multistage lurbomachinery flow-

fields. At the inlerfa<'e between the l>lade passap_;e and tile endwall trealmenl passage,

flow <lala in each domaill are circumferenlially averaged (which rel>resenls a lime average

for a ('oltslarll relational spee<l, given the relative motion belween the rotor and Ireal-

men! [)assages), and passed Io the neig;hl><>ring <lomaill as a boundary condilion. The <'it:

cumfc,rentiall.v avera_e<l data from lhe lrealmenl passaRe is modified to accounl t'¢)7' the

finite inlervals of endwall separating adjacent lreatmen! l)aSsap_es from lhe rolor point

of view. The bouudarv coudilions for lhe blade passage are then conslrucled as a lin-

ear average of lhe circumferenlially-averaged flow reproselllalion froth lhe lreal Irlent grid

and lhe known no-slip endwall boundary condilions. The linear average is based el, the

ralio of the circum[Orenlial exlents of the treatmenl passage and i]lterveninp_; endwall.

This scheme is illustrated graphically in Figure 5.1. Malhematically, for anv variable o.

lhe boundary condilion for lhe blade passage a! lhe Irealment inlerface is compuled as:

..XO_,.,,,t AO, ,,,i,,.,,,

0*,,,,,,,t,,,rv = ( _ )o + ( .-XOtc,t,d )O,,,-.slb, ( 5. l )

where o!,,,_,,,t,,,.u is lhe boundary value apt)lied for lhe blade passage, the __k0 lerms arc,

described on Figure .5.1, 0 rel)resents a. circumfereulial average of lhe dala across the open

area of lhe lreallnenl, and O, ...... lip represenls lhe a.pproprial.e no-slip boundary variables

applied Io lhe endwall portion of the overall lroal.lnenl ropreselrlaliorl.

The lhird coupling procedure is reDrred to as lhe lime-accurale coupling procedure.

This procedure is ulilized for' delailed time-dependent solulions of the endwall lreal lnenl/rolor

aerodynamic interactions, and is utilized in much the same wax: as rotor/staler irlleraclions

are compuled in multistage turbomachinery flowfiehts. This approach was limited 1o lreal-

meul geometries which were reducible to small inleger numbers of trealments per blade

l)aSsage. This was done i[t order to minimize the cir<'umh, rential extent of the rolor or

irealrnent passages which mus! be modeled in order to employ a sl)alially periodic relation-

ship for the overall bla<le passage/l.rea.tment representation.

5.2 Treatment Modeling Mesh Generation

All of lhe mesh syslems utilized during this sl udy were generaled using lhe TI(,'(;31) [36]

mesh generation program. H-type meshes were ulilized for' bolh lhe blade passage and

ll'eallnellt [tow r'egiolts. The [[-lype meshes siml>lified lhe tl'ansfer of ]rtforrrlalion belween

the lwo t[ow [ields as il was possible to generate lhe meshes with common axisymmelric

interfaces across which circumferentially averaged or lime-accurale circumferenlially in-

lerpolaled flow dala could be transferred. A graphic illustralion of the mesh generalion

procedure using lhe TI(;(/3D code is presented in Figure .5.2.

The lrea.lnmlll cavily was represented ill the meridional plane as a tictitiolrs blade row

separaled from lhe primary blade row by a [ictitious radial spliller which corresponded

1o lhe aclua.1 endwall. This 1)ermils conlinuily of mesh lines across the aclual endwall

for bolh lhe primary and t.realnlent blade passages. The portions of t.he mesh above the

fictit iou,_ s[)[illof which do nol correslumd Io a |reallllelll reg;iou were discarded. Once lhe

meridional mesh was generated in lifts fashion, the circumferenlial mesh conslruclion is

pel'R)rmed by I'IG(/31). Once a suilable grid was ge]te]'aled. 1he unused l)ortions of lhe

grid were discarded, and lhe final grid was assembled in a piecewise fashion. T]'ealmenl
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Casing Treatment Mesh Generation Using TIGG3D
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Most mesh systems used in this study were generated by TIGG3D. The treatment cavity is

represented in the meridional plane as a fictitious blade row separated from the primary

blade row by a fictitious radial splitter which corresponds to the actual endwall. The portions

of the mesh above the fictitious splitter which do not correspond to a treatment region are

discarded. Treatment mesh regions can also be created separately using an algebraic mesh

generation program called GROOVY. The final mesh is then assembled in piecewise fashion.

Figure 5.2: En<lwall treat n_e_t _Hesh geHeralio_, _si,_; TI(/(/3D.



meshregionswerealsocreate<lseparatelyusing an algebraic mesh generation program

called (;t_()Ol'}" which utilized the meridional t>lalw mesh point distribution generated

by TI(;(/3D, t)111 construcled a separale circumferenlial mesh poin! dilribution for more

coml)licate(1 treatment cavilies such as skewed axial slols.

5.3 ADPAC Solution Sequence for Endwall Treatment Flow-

field Analysis

"I'lL(' solutiou for a fan rolor wilh casill_; lreatmenl was normally ini|ialize<l using; 1he Full

mulli2ri<l sla]'l-ut) proce<lure with an exil slati<' pressure which was lower lhau lhe <h,si_;]l

Ol)eralin _ i)<)inl. The [>url>ose here was to choke the flow before alleml)till_; t<) resolve

hi_;he_" pressure ratios. Unless otherwise stated, all solutions were 1)erf<>rme<l wilh 3 levels

of multi_ri<l, utilizing 50 ilerations on each coarse mesh level l)efore l)r<)<'eedin2 _<) the fine

When a collver_;e<t soh|lion was achieved for l he inilial back pressure, the solulion was

th¢'lL recllrsively reslarted t)v incremelllally in<'reasfllg the back pressure to <)t)lail] hi_her

overall pressure ralios. The solutiou was oflell restarle<l 11ol fl'Olll the immediale previous

SO[Ill iOl[. 1)11| Olle oI" 1WO additional solution levels "'ups! ream" <>f ! he l)resenl ])oin_ on 1he

ol)eralin2 curve ("upslream'" iml>lies previous solutions wilh lower exi! slalic pressures).

This was done lo avoi<t artificially slalling the solntion due Io 111<' su<t<len impulse of a

step ('hat,ge in exit slali<" pressure 1o achieve the new operating l)oinl. The procedure was

repeale<l to obtail, a c<)nslanl sl)ee<l <>l)eratinp-; characlerislic for a given co]Jig;uratiou. :\

figure illuslratiu_; this process is egiven in Figure 5.3.

;\I pressure ratios grealer than l he desig;u pressure ralio, the solution wa_ ['ound to be

very sensitive 1<) I>ack pressure, and the flow mus! t>e closely observed for sig;ns of slall.

Typically. slall was manifesle<l as a divergent s<)lutioll l)ehavior, or through a conslaut.

steady i'educlioll in mass flow rate over a large Dumber o[" iierations ( 1500 o1" so). which

in<licales _hal the phenomena (af leas! ]u t.his numerical conWxt) is vi'scous, not [>ressure

driven. Several (liiIiculties were encountered in the prediction of 1he mass flow al stall.

One prol>lem was the <lepen<tence of the stall poinl on the numerical tech|liques used l<>

<>l)tahl i he solul iou (smo<>t hiug paramelers, dam ping coeflicienls, Hlu[l igrid, el c. ). AI_<>Iher

problem in the definilioD of 1he stall point is the long; time scale required for the I>hysi<'al

inslal)ilily I_) evohe. Several solutions which seemed Io be converged based oll residual error.

eveulually stalled after a large number of iterations. These solutions exhibiled a gradual

migration in mass flow (while following lhe speed liue) that eventually led to slall. Since

each s<)luli<)n <'aiLnol t>e run tot thousands of iteralions due 1o economic consi<leralions, a

sla,ldard <'rileria needs to be developed to consistently define the stall l)oint. 111 this slu<lv.

soluliolls which <lid no! display any signs of stall after 1000 iteralions were deeme<t valid.

Nalurally. lids criteria is admittedly rather va_ue and certaiuly del>endenl ¢)11 lhe use of

mulli_;ri(1, lime step size, etc. The authors I)elieve that these l)rol)leuls are not unique to

1he A I)P.[(' co(h' and need to 1)e addressed t>v the enlire turl)omachinery community.

Time-<lepemlent solulions were generally iuitia_e<l fl'om a sleady stale solulioll wilh

idenli¢'al t>ouudary con<litiolls except for those which are inherently unsteady. (lalculatious

were ]_et'['orme<l wilh both standard explicit and the implicit t ime-marchiug algorithms.

Details for each calculali<>n are _iven in 111(' sections which ['ollow.
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Chapter 6

ADPAC07

CASES

VALIDATION TEST

In this chapler, a number of validalion les! canes are described to illusl,'ale and verify some

of lhe conll)Ulationa] enhancenlenls io lhe .4D1_4('07 code which were developed under

1his lask or<ler. These calculations more or less serve to lend confidence lo aerodynamic

prediclions based on the A I)Itt('07 code, in Sl)ile of the fac! thal many of lhe calculalions

are unrelated to lhe lurbon|achiner.v problems described by lhe ol),iectives of this slud.v.

Specifically, algoril, hmical enhancemenls related 1o code parallelizalion, ileraliw' implicil

algorilhm, non-reflecling boundary conditions, and lwo-equalion lurlmlence modelin_ are

validaled by comparing predictions wilh existing data ff)r a wide ran_;e of lest cases. The

lesl cases are grouped according Io the feature being validaled.

6.1 Turbulent Boundary Layer on a Flat Plate

The first case examined for verification of lhe k - "Pv lurlmlence model was Ill(' prediclion

of a developing t)oundary layer along an infinile fiat plate. The resulls presenled here are

representalive of several fla! l)lal.e t)oundary layer cases tesled lo examine lhe characleris-

tics of lhe k -Pv turt>ulence model for a relatively well-known flow. The prediction <>f the

fla.l plate ttow was accomplisho<l using algebraically generaled It-type meshes wilh a tixe<t

near wall sl>acing along; lhe length of the plal.e. The freeslream flow condilions and plate

length were selecte<l such lha! the plate length Reynolds number(Re.,. = pl'.r/p) al file

nlesh outtlow boundary was 3,000,000. Predictions were performed usin?_; bolh lhe algebraic

(Baldwin-Lomax) turbulence model and tile two-equation k -_ model. The focus of this

sludy was lo determine how accuralely the predicted turbulent boundary layer reproduced

lilt, well known log-law velocilv profile behavior for zero pressure gradienl [tal l>lale bound-

arv laver flows. In this respecl, the velocity profiles are compare<t based on iltner varial>les

(u + = u/r.[,.i,. !1+ = !If'f rio/U, where c.f,.i,- = _). Figure 6.1 illusti'ates a comparison

of predicte<t velocity profiles for both the al:_ebraic and k - 'P_ turbulence models wilh lhe

experimenlal dala of Zukauskas [77] and the "law of the wall" turbulenl velo<'ity protile

corre[alion (see e.g. \\:hire [79]). From this comparison, it is evident lhal bolh predictions

yield reasonable results compared to both lhe experimental data and analylical <'orre[alions

tor both the inner ("law of lhe wall") and lhe oilier ("log law") boundar.v laver rep_;ions. :\n

analysis o[" variations with mesh density for l.hese predictions is also included <m l"ig;ure 6.1,

and it is clear thai the resulls were relalively mesh insensilive.
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Figure 6.1: Flat plate turbulent boundary layer velocity profile coral)arisen.

Also of interest in this case is the predicted wall surface skin friction coefficient (('f =
TW_Lll

). Figure 6.2 (lisl)lavs both predicted, experimental, and lurbulent boun(larv laver cor-
7:,u •

relation;['orthe skillfrictioncoefficientdistributionalong the fiatp]ate. Small discrepancies

often occur in numerical predictions for fiat plate skin friction coefficient distributions due

to the inability to adequalely simulate the analytical singularily which occurs a! the flat

[)late leading edge. The end resull of this anolnaly is that the boundary layer often behaves

as if the plate leading edge was shifted relative to the actual location. The predictions

therefore appear slightly shifted on Figure 6.2. In spite of this phenonwnon, generally good

a greemenl was achieved for both the algebraic and k - _ turbulence model predictions.

6.2 Bachalo and Johnson Transonic Bump Test Case

A g(,ometrically simple, but aerodynamically colnplex transonic lurbulenl flow was rel)orled

bv Bachalo and Johnson [71]. In lhis case, a high subsonic tlow freestream (M=0.S75)

passes over a circular arc axisymmetric I)ump on an otherwise cylindri('al centerbody. The

geometry and idealized flow fealures are illustra,ted gral)hically on the inset diagram on

Figure 6.,1. The presence of the bump causes the flow to become transonic, an<l a, relatively

slrong shock/boundary layer intera<'lion occurs on the downwind portion of the bump.

The shock is sufli('ientlv strong to cause the boundary layer to separalo, and subsequently

92



Turbulent Flat Plate Skin Friction Coefficient

0.007

adiabatic wall

: Turbulent Boundary Layer Correlation

[- -] ADPAC (Algebraic Model 121x49 Mes i

[_ • Exp. (Weighardt and Tillman, 1951 )
"_ i, - ADPAC (k-R Model 121x49 Mesh)

0.006

0.005

(b 0.004

0.003

0.002

0"00110 s 106

i i i i !

_.__ . [ "

i ;
!

: i

Rex
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reattach downstream of tile bump. The separation region is particularly sensitive Io tile

level of turbulence in the boundary layer, and tile resulting pressure distribution along the

bump and sting are highly dependent on the state of the bounda,rv layer. This flow has

proven to be a particularly challenging test case for numerical analysis as a result of the

strong interactions which occur.

Prior to testing the k - _ turbulence model for this flow. a series of calculations was

t>erfornled using the axisymmetric flow solution capability of tile A DPA(' code on several

differenl 2-1) meshes using the a.lgebraic (Baldwin-Lonlax) turt)ulence model in an attempt

to deline the mesh sensitivity of this flow. The meshes were conslrucled algebraically using

a straigh! H-lype mesh topology. A fixed near wall spacing was employed along |he bump

and sling. A hyl)erbolic tangent strelching function was utilized to construct tile remainder

of the mesh I)elween the primary geometric stal ions (inlet, exit. frees|ream, t>unlp leading

and trailing edges). The axial spacing along the bump was held constant.

Attempts to accurately predict this flow based on coarser meshes resulted in poor pre-

dictions either due to excessive smearing of lhe shock wave. or due to inadequate ileal"

wall spacing, or large mesh expansion ratios. The final mesh selected from lhe preliminary

stu<tv is illustrated in Figure 6.3 and consisled of 161 axial and 73 normal mesh lines. The

near wall ph.vsi<'al mesh spacing was 0.001 cm. which resulted in an average near wall !1+

value of approximately 1.0. Figure 6.4 illustrates both the baseline (algebraic model) and

lwo-equation (k - Pv nlodel) predictions for the flow over the axis.whine|rio circular arc

1)unlp of Bachalo and Johnson using the 161x73 mesh. The figure illustrates both tile pre-

dicted and exl)erimental static pressure distributions along the downstreanl porlion of lhe

t)ump. The baseline ADPACprediction using the algebraic model demonstraled reasonable

agreement wilh the experimental data except for missing the sligh! dip in pressure near

the recirculation region at. x/(!--1.0. The discrepancy in ibis area illuslrales an area for

improvement available through the use of advanced turbulence models. The A DPA (' k -

turbulence model i)rediction for this flow more accurately reproduces the experinlentally

observed static pressure distribution, and one would subsequently assume tha! lhe predic-

tion of |he separation bubble was more accurale. Both tile algebraic an<l k - _ turbulence

model bump surface static pressure predictions show a slight discrepancy in the position

of the shock relalive to the exl)erinmnta.l data. This difference is believed lo be due to

uncertainty in the value of the upstream boundary layer thickness specified as input for the
calculations.

An illustration o['lhe predicted Math number contours for both the algebraic and 2-

equa,tion turbulence model is given in Figure 6.5. Visually. the differences belween the

two solutions are slight, although a slight thickening and lengthening of the shear layer

downstream of the bump is evidenl ill the k - 'Pv model prediction when compared to the

algebraic model prediction.

6.3 Mark II Turbine Vane Cascade

In or<ler |o assess tile accuracy of the ADI_4(7)7 analysis of turbine vane heal transfer

using tile k - "_ |urbulence model, predictions were performed for the turbulent flow over

tile Mark II planar vane cascade. The Mark II design is characleristic of an a<lvanced tirsl

slage core turbine. The experimenlal data used for these preliminary conll)aris<ms were

derived fl'Oln Reference [TS]. l!;xperimenlal <lala were taken for two <tifl'eren! exit Mach

numbers (0.9 and 1.05) in a linear cascade facililv. A coml)lete description ofll,e cascade
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l:i_ure 6.3: Bachalo aud .lohllsou test case 161x73 2-1)algebraic m¢',_h.

Bachalo and Johnson Transonic Bump Test Case

Comparison of Predicted and Experimental Wall Static Pressure Distributions

0.8 r - _ - • ...... T - T

! QData

ADPAC (Algebraic Model)

ADPAC (k-R Model)

!
0.7 !

O

=¢

£

0.6 I

J

0.5

0.4

_-_ M=0.875

! h (1.9 cm)

0.3 ...........
0.5 0.7 0.9 1.1

Axial Chord (x/C)

Shock

/
Recirculation

I D 5.2 cm)
(1

C (20.3 cm)

1.3 1.5

l:i_;ure (i.l: (lompar]soH o[" predicted and exl)erimen_al surface ,_tatlc pressure ratio for

l{achalo aud .lohitsOl, traHsouic axisymmelric Bump test case (H:0.,_75).

.95



CONTOUR LEVELS
0.0t)(X)0
0.05000
0.100l_)
O15O00
(i.Z _; :P
u : ::

i

i ',,"C<)C<;,
050tR)

l. 1{X)()0
l, 15(_'_0
I 20000
1.251.)(N)
1.30000
1.35OOO
1.4C_)00

i-

• ¢I. "'"'-'_I

CONTOUR LEVELS
0.0(l(](]0
0.05000
0.1 (J(l()0
0 i_,0( (

2 ):

! i'()f)f)l) • -+ /!

t _)5(_)0 /" ':
1.1tXX)O / /'" ..
1.15(kqO / -'"
1.2(I000 ' / .-" .':#
t.25000 ' / .." /-".- .q

I 35(,'00 ___'_">'_ ........

Figure 6.5: (;omI>arison of predicted algebraic model(upper) and 2-equalion too<tel (lower)

roach number contours for Bachalo and .Johnson transonic axisymmelric bump lesl case

(M =O.ST5 ).

96



Setting Angle

Air Exit Angle

Throat

Vane Height

Vane Spacing

Suction Surface Arc

Pressure Surface Arc

True Chord

Axial Chord

63.69 Degrees

70.96 Degrees

1.568 inches

3.000 inches

5.108 inches

6.274 inches

5.098 inches

5.363 inches

2.698 inches

Table 6.1: Mark II vane cascade design l)arameters.

facility and lest procedure and data reduction are given in lleference [7s]. D<'tails of the

Mark II vane design are _iven in Table 6.1.

;\n inlerestin_ [_,ature of this lest case is that at the exit [tow Math rlUllrbers tested, a

st t'on_Z normal shock forms on the suction surface of the airfoil at approximately-I()_Z chord.

This feal ur'e set'yes 1<, illustrate tile r'ol)usllmss of the k-'_ turl)uletwe model in thai a fairly

strong shock-boundary layer interaction occurs and signilicanl flow gradients are present,

and yet. no special inilializatiotl t)rocedures were required for the lwo-e<lualioll lurbuletwe

mo<lel sohttion.

The ..tDt_4('07 analysis was apt)lied to the Mark II vane to predict both aerodynamic

and heat transfer l)erformance. Since this geometry was analyzed extensively under a

previous study [25], several mesh syslems arul l)re<liclions using the algel>rai<' turbulence

model were already available for comparison. A 1.93x33 2-I) (Ltype mesh was used for' tile

k -"R. model <'alculalion. and is illustrated graphically in Figure 6.6. This mesh eml>loys

a noncontiguous mesh along the (:-grid cut boundary to avoid tire prol)lems of excessive

ogr'i<l shear often associaled with contiguous ('-type meshes for tul'bonlachinery blade rows.

A<hlitional details related 1o the mesh generation, mesh det>endence sludy, and algebraic

model aerodynamic and heal transfer predictions fl)r the Mark II vane are available in

t{eference [Ts].

The ttow con<lit ions selected for this tesl case correst>ond 1o Run 4321 of tile Mark II

airfoil <lescribed in [TS]. The exit Math rrlrlllber was 0.,N9, inlet lolal pressure arrd to-

tal temperature were 3,R.3;_ psia and 13S9 degrees Rankine. respectiwqy. A comparison

of the experimental predicted airfoil surface slalic pressure distributions is g;iven in I:ig-

ure 6.7. Both the algebraic and two-equation model predictions are plot.led. The previously

rner,tioned shock wave is quite apparent in the large pressure gradient on the suction sur-

['ace of the blade. Both numerical predictions displayed outstanding agreement with the

experimetrtally-derived airfoil surface static l)ressure distributions. :\ COml)arisotl of the

experhuental predicted air['oil surface heat transfer coefficient distril)utior_s is given irr l:ig_-

uro (i.S. Agairt. I)olh the alget)raic and two-equation model l)redictions are t)lotte(t, in
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Figure 6.6:193x33 2-1) mesh svslem for Mark lI turbine vane, cas('ade.
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this case, significant differences in the predictions exist due to the absence of a transition

model ill the k- "P_ results. The algebraic model results employed a "'poinl'" transition

model (instantaneous transition al a. point defined t)v tile model based on the maximum

predicte<l turl>ulent viscosily across the I)oundary laver)sl)ecitically developed for turl)ine

airfoil cal('ulations, a.n(l hence, provides belier agreement ,,','it h the experimental data along

the suction surface. ()n lhe other ]land. proper sl>eciticatio|l of the freestream values for

the k and "_ model varial)les p<,rlnits the simulation of varialions in freestream lurl>ulence

inlensily (Tu--6.5% in this case). This cat)ability has the ett'ecl of iml)roving the predictions

alOltg t.ho pJ'essllre surfa<'e of tit(' vane. The two-equation model overpredicts heat transli, r

in 1he near sl agnation region and these results closely match t he "'fully" t urbulenl resu[l s

previously obtained wilh the algebrai<" model without transition (see [25]). Ill anY <'ase.

the two-equation mo(lel rosulls without transition model are nol unreasonable, and furlher

almlicalion of this n,o<M with improve<l Iransilion (']taracterislics would likely vie]<t even

beller results.

6.4 VBI Vane Test of Non-Reflecting Boundary Conditions

The t)url)ose of this test cases was to determine lhe effe<'tiveness of the (luasi-31) non-

r(,ftecl ing I)oun<larv COl|dil ions (les<'ribed in ('hal)ter 3. The vane geometry from tit(' turbine

Vatw-Bla<h' Interaction (VBI) IS0] rig ,,,,'as selected a.s a tesl case for the non-refleclillg

boundary con(titions. Theexil Mach numl)er for the caselesled was 1.12. This geomelrv

and flow ('on<litton provide<l a formidable l<,sl for the non-retle('ling boundary con(lilions.

i)arlicularly when the exil boundary l)lane is close Io tit(, vane due to the formation and

prol)agalion of a sh<)ck of[" lit(' vane trailing edge.

A series of st(,a(ly-siate F,uler calculalions were initially I)erfornmd on the geometry

using an O-lyl)e mesh around the vane generated with an elliptic mesh generation scheme.

The mesh consisted of 46.529 i)oinls (161 × 17 × 17). This relatively coarse grid was selected

i<) l)ermil ral)i<t job turnaround, and because l)revious <'alculations had shov,'n that this

mesh was sulli<'ienl to capture lhe exl)erimentally el>served data trends. The t>oundaries of

lhe vane O-grid. referred 1() as lhe ._hort grid, are outlined in the center of t:igure (i.9. ll-

grid extensions were a(hle<l Ul>stream at)(l downslreanl of tile O-grid I(> in<)ve Ill(' I)oun(lary

('on<Ill ions al)proxinlately one chord length away from the vane. This (:omposile grid. also

shown in l"igure 6.9. is referred to as tit(' Ion<� grid.

l:our numerical <'ontigurations were tested: both short and long grid using the l)revious

turbomachinery (Reimann invariant) boundary conditions, and both short an<t long grid

using the non-rellectinp; t)oun(tary ('onditions. Each configuration was run using identical

inlet profiles and exi! stall<' pressure at the hub t.o give the l)roper design exi! inach numl)er

at tit(, mi(lspan of lhe vane. The data presented from tile converged solutions includes

vane exit data plane Math number distributions and midspan vane surface static pressure

(tistrit)u!ions. t:igure 6.10 illustrates the vane exit <lata plane Mach number contours from

the four 1('sl coniigurations. The l<)cation of the vane exit data plane was identical for a[[

['our cases and is shown in Figure 6.9. The solutions emt)loying the long grid show very lillle

differen<'e I)elween th(' original turbomachinery I)oun<tary condition results (l:igure 6.10a)

and tit(' z.m-r<,foc_ ng bouzl<lary condition resulis (Figure 6.10b). This indicates that the

inl(q and exil boundaries were sutfi('iently remov('d from lhe vane such tha! lit(' boundary

con(lit ion tyl)e did nol all'('<'i the solution.

Iiowever. when the grid extensions are no! used (short gri<t) and tit(, boundary ('ondi-
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Mark 11 Cascade Run (uncooled, Mexit=0.89)

ADPA C 2-D Aerodynamic Analysis - Reynolds Number Comparison

Airfoil Surface Static Pressure Ratio Distribution
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Figure 6.7: ('omparison of experimental and predicted airfoil surface static to inlet total

pressure ratio for Mark IIt, urbine vane cascade.
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Figure 6.9: VBI vane short grid and long grid boundary outlines and vane exi! data plane
location.

lions are applied at. tile inlet and exit <)f the O-grid, tile difference between the two boundary

conditions becomes much larger. The original turl)omachinery (Reimann invariant) bound-

ary conditions partially constrain the exit. static pressure based on the hub static pressure

specification and apl)lication o[" radial equilibrium along radial mesh lines. This effectively

smears out any large gradients in pressure, such as a shock, at the bounding plane (Fig-

ure 6.10c). The new non-reflecting boundary conditions allow variations in pressure across

the pitch of the blade while constraining the avera9:' pressure at each radial slice to satisfy

the radial equilibrium equation. When applied on the short grid, the non-reflecting bound-

arv conditions yield Math number distributions al the vane exit data plane (Figure 6.10d)

which show great similarity with the long grid solutions, and clearly show the resolution of

the vane trailing edge shock passing cleanly through the exit boundary plane.

The location and type of boundary condition used also affe('led lhe l)redicted vane Sill'-

far(' static pressure (listribution. The effect of the exit, boundary sclleme was most evident

on the suction surface of the vane near the trailing edge. Non-dimensional (tistributions of

vane surface static t)ressure taken a,t the midspan of the vane from the four lest solulions

are compared with experimental data in Figure 6.11. The data are presented as a function

of wetted distance along the vane surface fl'om the geometric leading edge. The two long

mesh solutions show good agreenlen! with each other and reasonabl(, agl'eemenl with Ill(,

experinmntal data. Predicted results from the short grid using the original boundary con-

ditions show large variations in the pressure distribution near lit(, su('lion surface trailing

edge. The oscillatory behavior of this solution shows poor qualitative agreement with the

experimental data and tile lo,g grid solutions, [)resumably due to the impose(1 exit plane

static l)ressure and the resultanl effect on airfoil loading. Al)l)licalion ofl]|e non-retlecting

boundary conditions for the sh(u'l grid solulion resulted in a vane surface pressure distri-

bution which matches much more closely the long gri(I solutions both (lualilatively and

(Iuant it at ively.
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VBI Vane Midspan Surface Pressure Distribution
Exit Mach Number = 1.12lO
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Figure 6.11: lnviscid vane surfiw,_, ,_lati(' pressure distril)ulions alon_ the midspan of the
VBI vane.
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VBI Vane Midspan Surface Pressure Distribution

Exit Mach Number = 1.12
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Figure 6.12: (:omparison of invischt and viscous predicted midspan vane surface static

t)ressure (list ribut, ions for VBI vane.

The results presented above for the VBI vane were based on a series of inviscid (Eu-

ler equati(m) calculations comparing the use of the standard, Reima,nn invarianl ADf_.4( '

lurbomachhiery boundary conditions, and the recently developed non-rettecting boundary

conditions. The results described below describe a shnilar comt)a, rison based on viscous

( Navier- St ekes equations ) solul ions.

Steady state Navier-Stokes calculations were performed for the VBI vane using a non-

periodi<" O-type mesh around the vane generated wit, h an elliptic mesh generation s<'henw.

It-type mesh extensions are provided Ul)st, ream and downstream of the blade as shown in

Figure (i.12. The overall mesh consisted of roughly 265,500 points.

An illustration of the predicted (both Fuler and Navier-Stokes)and experimenl, al (time-

meatl of time-dependent measurements) vane midspan surface static pressure ratio dislri-

])ul,]OllS are given in Figure (i.12. Calculalions using both t,he standard Iurbomachinery

boundary conditions and the non-reflecting boundary conditions are presented. In spite of

the difference in mesh systems, and mesh extent:, both the Euler and Navier-Stokes predic-

lions using the standard turbomachinery boundary conditions were in good agreement with

each other. Unfortunately, the calculations with the standard turbomachinery I)oundary

condilions do not correlate well with the experimental data in the vicinity of the vane suc-

tion su trace near the t railing edge (see expanded scale region on Figu re 6.12). The reas¢m

for lhis discrepatl<'y is apparent in the midspan l)]a<le-to-blade and exit l>lane Mach contours

and pressure contours giw, n in Figures (i.13 and (J.l.l. respectively. In order lo satisfy the

const,_llll slali(" pressure and radial equilibrium conditions iml)ose<l bv the slandard ltlr])o-

machinery I)oundary conditions, a compression process is set up on the vane su('lion surface
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VBI Vane Viscous Flow Test Case - Mach Contours

CONTOUR LEVELS
000C_0

, ii _

_B_rJ

Orlginal Turbomachlnery B.C.
r

t

I

F ,

. .. ' ' Mid-

_q i:,
; i

CONTOUR LEVELS
0 m_ooo
0 050_
o In('_

i_+,i!i

Non-Reflecting B.C.

?}_! '

Exlt

iii Plane
_

Figure 6.13: ('ompavison of midspan blade to blade plane and oxi! plane (1/_1 chord afl of
trailing edge) predicled Mach contours for the VBI vane.
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Figure 6.14: ('omparison of midspan blade to blade plane and exit plane 1/4 chord aft of
trailing edge) predicted static pressure ralio conlours for the VBI vane.
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ADPAC Implicit Algorithm Test Case:

vortex Shedding Behind a Circular Cylinder in Crossflow

Flow Kmrman Vortex Street

Reynolds Number 200.0
Mach Number 0.20

t"i_ltre 6.15: S('hematic illustration of vortex shedding l)ehi]Jd a rirrular cylinder in crossflow

tesl ('ase (lh'vnol(ls nunfl)er = 200.0).

whi(']l causes the rapid chan_e in staff(' pressure near the no]l(timensio]lal welled dislan('e

of 0.9 (see Figure 6.12) for the stan(lar(] I)oundary condition calculations. Ill every nlesh

and flow solution lesle(t, the non-reflecting 1)oull(lary conditions show improved agre('menl

wit h t lie exl)erilnellt al (lat a ( see Figure 6.12). an(1 I)erlnit u nail ered l)ropagat ion of i he t rail-

in_ edge shock l)attern througll tile downstream boundary (see Figures 6.13 and 6.1-1). It

should I)e noted thai the overall solution converf_en('e an(I l)re(licte(t mass flow and lotal

pressure loss for tile viscous solutions were essentially un('hange(t by the choice of I)oun(lary

con(titio]l.

These results validate the implementation and highlight the improvenmnts gained fronl

the use of non-reflecting boundary ('onditions. The nund)er of t)oinls ill lilt' short grid

resuhed in a nearly 25(/_ reduction when ('mnpared to the number of points in the long grid.

while the quality of th(' resulls remained essentially ('onstant.

6.5 Vortex Shedding Behind a Circular Cylinder in Cross-

flow

The results presented in this section are base(l on the prediction of tile two-dimensional

flow over a circular cylinder in crosstlow. This test case is illustrated schematically in

Figure 6.15. The [tow con(It!ions were chosen (Reynolds number = 200 (based on cvlin(ler

diameter)) such that vortex shed(ling was expected to occur downstream of the cylinder.

This simulation provides a geometrically simple, yet aerodynamically complex test for the

A DI'A('07 implicit !ime-a('curale flow solver. The flow Mach numl)er was sol at 0.2. and

the solution was initialized from a converged steady state solution at a Reynolds number of

50.0 (for whi('h vortex stledding is not experte(] to o('cur) and a 3 degree angle of aila('k. To

start Ill(' she(l(lin_ run tile b(mn(lary conditions are set to ol)tain zero angle of attach inflow

and a Reynolds number of 200.0 (the asymmetry of the initial flow. or sudden angle of

attach ('hange, leads to the vortex shed(ling i)ehavior). Solulions were obtained for various

fixe(l time hlcrelllents resultin_ ill al)l)roxinlalely -1(), N(). and 160 implicit thlle steps t)('i'

os('illation cycle usinK t)oth the original an(I modifie(I iterative iml)licil algorithms descril)ed

in Ill(' I)revious chal)ters. A 2-I) polar grid elnploying 161 normals and 65 ('OlltOlll'S (see

107



t:igure 6.16: 161x65 polar mesh for 2-I) vortex shedding behind a circular cylinder in

crossflow tes! case (Reynol(ts mtmber = 200.0).

Figure 6.16) was use<l _01'all calculations. The near cylinder surface normal mexh sl)acin _

was 0.001 (normalized t)v cylinder (tiame_er). Tire solutions were advanced in time until a

sufficienl number of she(hling cycles ha<l passed (usually 40) to ensure thal the solution was

periodic in lime. For each time increment, calculations were performed using the impli<'il

inner iterations strategy both wilh and without multigrid. The implicil inner iteration loop

wax recursively performed unlil a fixed solution residual convergence criteria was reel. Lift

and drag coefficient histories are presented for each <31'the 3 time incremenl calculations (,10,

sO, and 160 sleps per cycle) for both the non-multigrid and multigrid-based implicit ilerative

algorithnl in Figures 6.17-6.22. In each figure, the pressure and viscous contributions i,o

both tire lift and drag coefficients, as well a,s the total sum for each <:axe are plotted. The

initial transient, and ullimate time periodic behavior of the solutions ix apparent for each
<'alculation.

For the case utilizing an implicit increment corresponding to 40 time steps per cycle,

a secon<t set of calculations was performed with a convergence crileria which required an

additional full order of magnitude residual reduction compared to the previous calculations

in order to determine the effect of inner iterat ion convergence level on the predicled results.

These calculalions are referred to as hi<.lhlg com,<r:l_d (H(') results.
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Figure 6.17: t'redk'led lift and drag coeffieiit time histories for circular cylinder in ('rossllow
lest ('as(, ( Reyiiol(ls nlliill)er = :2(10.0,no niult.igri(l, 40 tilne steps per oscillation cycle).
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Figure 6.1_: Predicted lift and ch'a_ coeffient time histories for circular cylinder in crossflow

test case (Reynolds number = 200.0. no multigrid, _0 time steps per oscillation cyrle).
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1¢_sIcase (Reynolds number : 200.0, no multi_rid, 160 time steps per oscillation cycle).
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Figure 6.20: Predicted lift and drag coeffient time histories for circular cylinder in crossflow

test case (Reynolds number = 200.0, muttigrid. 40 time steps per oscillation cycle).
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Figure 6.21: Predicted lift and drag coeffient time histories for circular cylinder in crossilow

lost case (Reynolds number = 200.0, multigrid, 80 time steps per oscillalion cycle).
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Fig, re 623: Predicted lift and drag coeffient time histories for circular cylinder in crossflow

I(,51 case (Reynolds number = 200.0. no multig]'id, 40 time steps per oscillation cycle, hi_ldy

(onw, r_ed ).
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converged ).
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t:i_ure 6.25: Predicted instantaneous streamli_les f<>r vortex sheddinp_; behind a circular

cvlillder (Re.vnolds lmmt>er -- 200.0).

.\ visualization graphic is <tisl>laye<l in t:i_ure 6.25 for the 40 stel>s/cy<'le test case wit h

mulli_;rid. This fip_ture illustrates instantaneous streamlines (a stea<lv stale based limilalion

of the I)loltin_ package) for the flow at a point in the oscillation history. The formation of

the vortex and oscillating; flow downstream i]luslrale that lhe known aerodynamic structure

has been captured correctly.

A summary of integrated results from the present predictions and olher lmblished dala

for Ibis tes! case is given in Table 6.2. This chart indicates the predicled variations in lift

an<l drag coefficients, as well as the predicte<l Strouhal number of the vortex shedding; cycle.

The implicit ADI_A( 'predictions were all in very _ood agreement with experimental dala

and oiher recenlly published data. It. should be mentioned thai although there is some

varialion in the A I)I_A (' predictions from case to case. this variation is significanlly smaller

in magnitude (han variations which arise from code to code (coral)are. tbr examl)le the

sec'olld order and fourih order results of LeCointe and Piquet [56]). The ld_ld.v converged

cases (labeled with tIC)clearly indicate that for a sufficiently conver_;ed inner iteralion

solution, lhe mull igrid and nonmulligrid calculations yield identical results.

A compa/'iSOl, o[' solution (!PU time l>er oscillation cycle for each cal<'ulali<>n is given

it, Table 6.3. The minimum, maximum, and average ('l"l, nunll>ers for each calculaIion
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Vortex Shedding Off a Circular Cylinder (Reynolds Number = 200)
Summary of Results

CD CL St
ADPAC (No MG, 40 steps/cycle) 1.376 +/- 0.0406 +/- 0.703 0.185

(No MG, 80 steps/cycle) 1.367 +/- 0.0393 +/- 0.671 0.184

(No MG, 160 steps/cycle) 1.374 +/- 0.0404 +/- 0.693 0.187

(No MG, 40 steps/cycle,HC) 1.428 +/- 0.0534 +/- 0.777 0.193

(MG, 40 steps/cycle) 1.414 +/- 0.0355 +/- 0.853 0.184

(MG, 80 steps/cycle) 1.415 +/- 0.0383 +/- 0.796 0.189

(MG, 160 steps/cycle) 1.457 +/- 0.0553 +/- 0.865 0.186

(MG, 40 steps/cycle,HC) 1.429 +/- 0.0534 +/- 0.782 0.193

Kelecy (Allison) 1.373 +/- 0.0468 +/- 0.656 0.189

Rosenfeld (Ref. 1) 1.334 +/- 0.0440 +/- 0.676 0.197

Rogers and Kwak 3rd Order 1.29 +/- 0.05 +/- 0.75 0.160

(Ref2) 5th Order 1.23 +/- 0.04 +/- 0.65 0.185

Rosenfeld (Ref. 3) 1.40 +/- 0.04 +/- 0.70 0.201

Lecointe and Piquet 2nd Order 1.46 +/- 0.0400 +/- 0.70 0.227

(Ref. 4) 4th Order 1.58 +/- 0.0035 +/- 0.50 0.194

Martinez (Ref. 5) 1.27 +/- 0.0035

Lin et al (Ref. 6) 1.17

Thoman and Szewczyk (Ref. 7) 1.17 +/-0.0050

Wille (experiment) (Ref. 8) 1.3

Kovasznay (experiment) (Ref. 9)

Roshko (experiment) (Ref. 10)

0.190

0.190

Table 6.2: Sununary of A DPA('07 lift and drag coefficient and Strouhal nunlber predictions

for vortex shedding behind a circular cylinder in crossflow (Reynolds number = 200.0).

are presented. Estimated results for an equivalent explicit calculalion are also provided in

lhis comparison. The utility of using multigrid in the inner iteralion cycle appears to be

dependent Oil the maximunl ('FL numbers of the inlplicit calculation. This observation was

also noted l) 3" Arnone [74] in a study of a 2-I) rotor/stator interaction problenl. The fastest

sohltion time per oscillation cycle was obtained using multigrid with 40 implicit tilne steps

per cycle. However. if the implicit strategy is altered to employ s0 lime slops per cycle, then

the solution proceeds faster without nlultigrid, hi either case. however, the solution time

per cycle is still significantly lower than the previous explicit algorithm. Naturally. these

results are dependent on the level of convergence selected for tile inlplicit inner iteration

loop. The results for the highly converged test cases suggest that as tile convergence criteria

becomes more strict, the a(Ivantage obtained by the multigrid algorithm may increase. It

also seems that although the mulitigrid and non-multigrid results are converged to the same

resi(lual level, the original (less strict convergence level) multigri(l results appear to nlore

closely al)proximate tile highly converged predictions than lhe non-mulligrid results. This

indicates thai residual level alone is prot)ably not a completely accuralo nleasure of inner

iteralion convergence.
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ADPAC Implicit Algorithm CFL and CPU Time Comparison

Vortex Shedding Over a Circular Cylinder Test Case

CFLmin CFLavg CFL,_ x CPU/CYCLE (seconds) Implicit�Explicit Ratios
No MG With MG CFL CPU

40 steps/cycle

80 steps/cycle

160 steps/cycle

2.500 14.0 3000.0 512.64 470.59 429 22.8

1.250 7.0 1500.0 464.40 625.06 214 22.2

0.625 3.5 750.0 548.48 824.62 107 19.6

40 steps/cycle, LC 2.500

Explicit, 17,170 steps/cycle

(estimated)

14.0 3000.0 1680.90 1210.76 429 6.4

7.0 10735.5 ---

HC - Highly converged test (Logl0(L_norm(Sum of Residuals)) < -7.5)
All other tests (Logl0(L2norrn(Sum of Residuals)) < -6.5)

MG - Multlgdd (3 levels, no sublterations)

161x65 O-type mesh with 0.001 x diameter near aur/ace normal mesh spacing. Outer boundary was

pieced at 10.0 diameters from cylinder center.

All calculations initiated from a steady state solution at Re=50 and 3.0

degrees angle of attack to initiate asymmetry.

CPU times are for a Silicon Graphics PowerChallenge, Opareting System IRIX 6.0, compiler level 6.0,

compiled with "-03 -mips4 -WK -o=0 -Io=2 -ro=O -OPT:roundoff=3 -OPT:lEEE_edthmatic=3 -Ifaetm"

compiler options.

' CTabh'6.3:SumnlaryofAl)/>.l(07 PU times for vortex sheddin_ l>ehind a circular cylinder

in crossflow (Reynohls ]rural)or= 200.0).

6.6 Penn State Research Compressor Rotor/Stator/Rotor

Interaction

The l)Url)ose of this lest cases was 1)rimarily to examine the stat)ility of the me<lifted (more

"iml)licit" ) iterative niultigrid-base<t iinplicit algorithm. This test case had previously ex-

hibited numerical inslal)ililies and was thereh)re an indicator of the known problems for lhe

original (Arnone [73]-I)ased ) implicit algorithm.

The _;eometric model is based on a simplified rotor/staler/rotor interaclion model (>rig-

illally developed and ulilized for an Allison study of the Penn Stale research ('ompressor.

This mesh is ralher unique in that a body-cenlered O-type mesh is employed locally a boul

each blade, an<l several tt-type meshes are then used to discretize the remainder of the blade

passage. This mesh is illustrated in Figure 6.26. The resulting mesh provi<h's excellent res-

olution in near blade surface velocity profiles, an(1 t)rovides a mechanism f<)r accurately

tracking wakes in lhe connecting H-grids which is not availabh, in an O-t.vpe mesll alone.

The original blade counts f<)r tile rotor�staler�rotor combination (72.73, 71) were modiiie(l

(73.73,73) to permit a 1:1 ratio between rotors and stator. ThereI'ore only a single blade

passage rel)resentation per blade row was required for the analysis. The inlplicit algorithm

was al)plie<l Io lids flow in an attempt to predict 1he time-dependenl aerodynandc in|er-

ections resulting ['ron, the rotor/staler/rotor relative motion. The solution was initiated

from an existing A l)[_A('restar( file. The time step was chosen such thal 50 global iml>licit

iterations were u)ilized <luring; each 1)lade passing l)eriod. This resulted in an e(luivalenl

(IFL number over 10.000. A total of 15 inner iterations were utilized during each global

iml)licit iterat ion.
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Penn State Research Compressor

ADPAC Rotor/Stator/Rotor Aerodynamic Interaction

Hybrid O-H Mesh System

Figure 6.26: ltybrid O-tl mesh system tbr Penn State research COml)ressor rotor�slat or�rotor
interaction analysis.

'File original implicit algorithln based on the "'explicit" iteration stralegy described by

Arnone [73] was previously shown to develop a numerical instability tbr this test case. At-

tempts to circumvent this instability vim time step restrictions were generally unsuccessful,

and this failure essentially prompted the search h)r a more stable, less restrictive algorithm.

Apl)lication of the modified algorithm with "inq)licit-like" inner iterations demonstrated

superior stability, and a stable time-marching process was demonstrated. The solution was

ultimately advanced to a lime-periodic stale. A sample graphic from the thne-periodic

solnlion is given in Figure 6.27. This figure illustrates instantaneous entropy contours at

both a midsl)an and a near tip radial plane. The i)ropagation of the rotor wakes into the

starer blade row. and subsequent transport into the downstream rotor are clearly captured.

6.7 Advanced Small Turboshaft Compressor (ASTC) Wall
Function Demonstration Calculation

Numerical cah'ulations based on the A DPA ('07 algebraic ( Baldwin- Lomax) turbulence model

with wall fllnctions are described below to demonstrate the effectiveness of lifts scheme. A

series of predictiolls from the ADPA('07 analysis using wall fimctions was compared with

results fi'om the average-t>assage analysis [32] ['oi' the Advanced Small Turboshafl (!ompros-

sor (ASTC) geometry. This t urbolnachine is a small 2-stage hig;h-perl'orman<'e compressor
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Near Midspan

Near Tip

iiiii

l:iguro (i.27: 1)('nn State research compressor rot or/stator/rotor interaction analysis - l)r( '-

diclt_d instanlatteous entropy contours.
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Prediction

Scheme

Predicted

Mass Flow /

Design

Predicted

Pressure Ratio/

Design

ADPA C 1.032 1.0

Average

Passage

Analysis

1.0267 1.002

Table 6.4: (:omparison of I)redicted perforinance figures for ASTC compressor.

which was teste<l at NASA-Lewis Research (!enter. Tile average-passage analysis results

were taken from an existing solution genera led during tile design of tile compressor. The

ADPA ('07 analysis was apl)lied 1o this flow by separating the average-passage analysis mesh

systems into blade local meshes, and applying the circumferential averaging interblade row

coupling technique (mixing planes) between mesh sections. Small differences between the

two calculations therefore arise due to the inherent losses generated by the mixing plane

coupling scheme and the effect the placement of the mixing plane has on the blade local flow.

In spite of these differences, the ADPAC07 solution was found to be in excellent agreement

with lhe average-passage analysis [32] for this flow, as demonstrated by the coinparison of

predicled performance parameters given in Table 6.4. The overall performance predictions

fi'om bolh codes were found to be in excellent agreement. This agreement in nol complelely

unexpected as the ADPAC07 code and the average-passage code utilize similar numerics

and wall functions. An illustration of the predicted surface static pressure conlours for the

compressor at lhe design condition is given in Figure 6.28. This figure serves to illustrale

the magnitude of this multistage calculation, and indicates the usefulness of this approach

for complex turl)omachinery flow predictions.

6.8 NASA Rotor 67 Serial/Parallel Comparison

To verify the operation of the parallelized code. an Euler solulion for NASA Rotor 67 was

run bolh ill serial, and in paralM with N processors on an n('UBE 2 parallel conlpnler. The

serial version of :tDPA(' (prior to parallelization) was run all IBM t{S6000 workstation.

Both solutions used s blocks with a total grid size ofd.qxl7xlT. I"igure 6.2!t shows the

resulting static pressure contours on tile SllClion suri'ace of the airfoil, and on a blade-to-

blade plane al N-l¢_ span. :\lthough lhe plots show the same sohllion, lhere are differences
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l,'igur(,(._.2_:A I)t_A('07 predicted surface static pressure COlllOlll'S fol" AST(' compressor.
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betweenthe binaryrestartfiles,probablycausedby differentroundingschemeson tile two
coml)uters.

A solution for Rotor 67 using only one block (with the same grid as the _ block case) was

also run on the IBM workstation. Plots from these solutions are sh<>wn in Figure 6.30. The

minor differences between the solutions arise fl'om lwo sou rces: ext rapola.tion of informat ion

to the vertices at the block edges (conw, rting cell-centered dala to vertex centered data for

plolliug purpos0s), and small differences resulting from the fact that dissipation quanlities

were not passed across t)lock boun(taries for the S block calculation (the ADt{4('07 code

was later moditied to permit this capability). These items are explained more Colnplelely

in the l)ara.graphs which tollow.

The values at the edges of the blocks {phantom cells) are extrapolated from neigl)oring

cells. This results in <luantities which are not. the same as those from the single block run,

where these points are in the interior of the solution. The latest release of A DPA ('employs a

better extrapolation scheme, which reduces the problem. It is also possible to make changes

to the patching algorilhm which would eliminate the extrapolation I)3, loading the <'orller

phatltonl cells with the proper values from tile neighboring block.

The dissil)a.lion (damping) terms were not passed a.s part of a patched boundary in

lids calculation. The dissipation routines sel the dissipation fluxes a l all block boundaries

to zero, which ensured global continuity within each block. This also means thal lhe

multiple block run had different dissipation values than the single block run at the interior

boundaries. The dissipation routines were ultimately modified to allow patched boundaries

to share dissipation intormation.

Neither of these problems is directly related to parallelization, t)ul arise from the use of

multiple blocks. Therefore the test of the parallel code was considered successful whelJ the

results matched a mulliple block run on a serial machine.

6.9 Advanced Small Turboshaft

allel ADPAC07 Rotor/Stator

Analysis

Compressor (ASTC) Par-

Aerodynamic Interaction

The A(lvanced Small Turboshafl ('ompressor (ASTC) is a high performance, high speed two

stage compressor design l)eing studied jointly by Allison, NASA, and the U.S. Army. The

4Dt)A('07 code was use(l extensively as a design analysis tool under tile AST(' program,

and as part of lhe design analysis, a time-dependent aerodynamic analysis of the two stage

rotor/stator/rotor/stator a ero(lynandc interactions was performed. This problem was par-

ticularly well suite(1 for analysis using the parallel computing features of the ,,t DI_,t ('07 code

since it involves large COml)utational run limes, many xnesh points, an(I a large number of

mesh I)locks. The AST(' case was therefore selected as a demonstration and ,watualion

test ('as(' tot the parallel computing features of the A Dt{4 ('07 co(le for this stu(ty. The

AST(' was analvzed in time-dot)curie|it mode on the NASA-Lewis LA(IE (RS/6000)cluster

of workstatio|ts. Since the simulation involves multiple blade rows, each blade passage was

represented I)v a single tt-tyl)e mesh constructed algebraically using the code develope(I by

Mulac [Sl]. The original conq)ressor 1)lade counts were modified fi'om the design values of

16, 36. 33. and 60 (rotor #1, stator #1, rotor #2. stator #2) to 16. 36, :32. and B0 to

facililate a reduction of the problem size to one quarter of the wheel. The configuralion

requires 36 I)locks to el)rain a periodic geometry for each of lh(, four blade rows using one

block per airfoil passage. The Iota[ mesh size was about 2,000.0(10 grid [)ohlts. or about
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Serial ADPAC vs. Parallel ADPAC

Rotor 67 Solution, 49x17x17 Grid

Suction Surface Static Pressure Contours

Static Pressure Contours at 84% Span

Serial Parallel

Fi_ur_ _ 6.29: Serial all(] parallel solutions of" Rotor 67 converge to lhe same answer.
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Single vs. Multiple Block ADPAC Solution

Rotor 67 Solution, 49x17x17 Grid

Single Block 8 Blocks

Static Pressure Contours at 84% Span

Figure (L30: Siu_le block aud multiple block solutions for Rolor (i7. run on a serial COml)uter,
differ slightly.
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Figure 6.31: Predicled velocily magnilude contours for AST(' con,pressor A I)PA('O7ro-

lor/stalor aerodynamic in!eraclion analysis.

55.600 t)oin,s per blade t)assag;e. The calculation was advanced usin_ lhe direcl explicil

Run_e-Kulla time-marching algorithm in lhe ADlS|('O7code. as the implicil algorilhm

was not vel develol>ed al lhe time of this analysis. ('<)llse(luel_tly, lhe analysis progressed

ralher slowly. I)ul a reasonable solulion eventually evolved. The lime step re<luiremenl for

time accuracy and st abilily was very small, which meant Iha! many sleps (rough]y 10.000)

were needed to advance lhe solution bv one period. An illuslralion of the instanlane<>us

predicted velociLv magnitude field is given in Figure 6.31. The lime-dependence of lhe th>w

is illustraled by the variance in contours between blocks of the same row (e.g. lhe sl_ock

position in lhe 2nd stage rotor).

('ode performance dala was collecWd <luring lhe ASTC runs in lhe form of elal>se<t wall

times. Since lhe perf<)rmance lesting was <tone in a dedicated el_vironmenI, (all machines

excepl the server were <tedicated), these times should mirror (_l)I" times. Timing runs were

made both with and without the ALLNODE switch, which is a special hardware device

which enables low latency COmlnunications between clustered IBM RS6()00 workstations.

Parallel performance is highly problem and machine dependelit, but results should be rep-

resenlative <)1"large lurl)omachinery simulations. All simulations w(,re made using 9 IBM

t{S{i(}(){} ilio<lel 560 workslations, each loaded wilh 4 airfoil liassa_e blocks t>er t>rocessor.

hi lids case. lwo boundary <'on(lilions require <'onimuni<'ations: BCPRRM (inlet-blade

row rolor/stalor inlera('lion boundaries) and PATCH ((lirecl inler-l>lock communicali<m

(l)eriodi(') 1)oundries). (Addilional <letails on boundary names and procedures are available
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in the ADPAC07 User's Manual [28].) Of these, most of the communicating is done in

BCPRRM, because nlany PATCH boundaries are between blocks on the same processor.

Unfortunately, it was not possible to isolate the time associated with communications

because the communication calls were embedded throughout tile code. However, the amounl

of time spent in apt)lying boundary conditions can be determined, and a substantial portion

of this time is due to conmmnications. The total time sl)enl advancing the solution is also

determined illustrating the relative importance of COllllllUllications.

Running without the ALLNOI)E switch, the total time per iteration was 3S2 seconds, or

about 9.4 steps i)er hour. Of this, the application of boundary conditions was 2(58 seconds

which is 70¢X of the total. Using the ALLNOI)E switch, the iota] lime per iteration was

217 seconds, or about 16.7 steps per hour. Of this, the applicatioll of boundary conditions

was 103 seconds which is 47_X of the total. The use of the ALLNOI)E switch improved the

sl)eed of the code by a factor of 1.77. Ill all, this study delnonstrates the applicabilily of

the workstation cluster concel)t for solving very largo computational lasks in an etIicienl
fashion.
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Chapter 7

STEADY STATE CASING

TREATMENT ANALYSIS WITH

NO INLET DISTORTION

In 1his section, several stea<lv state predictions of turbonla<'hinery blade row flowiiel(ls 1tot h

wilh and withoul casing Ireatm('n! are presented, l:or all of the resulls I)res('I,)ed here.

the ill]el []()w was assllHled to 1)(' distortion free, and hence, these resulls are intended l(>

reflect the general differences in blade row aerodynamics when casing treatments are [)resent

under essen)ia.lly ideal flow conditions. The resulls in this se¢l ion were derived under NASA

(:<)ntra('1 NAS3-2527(), Task (i - (:asing Treatment Analysis, bul are reporte<l formally ulMer

the present task.

7.1 MIT Stator Vane with Axial Skewed Groove Casing

Treatment

Initial calculations to verify tile accuracy of the endwall trea.tmen/ time-averaged bound-

arv ('ondi(ion develol)ed for discrete endwall lreatments were based on exI)erimental results

taken <>n 1he MIT ('<)ml>ressor Research Rig [7]. A schemalic of the M1T (loml)ressor Re-

search l(i_; is given in Figure 7.1. The hardware tests incorl)orated a single stage compressor

with a canlilever-moUl_ted stalor and a rotating hul). Slator hub clearance as a fra('lion of

spa,, was 1.5(/(. Endwall treatments were incorporate<l within the rotating hub 1() facilitate

measuremenls in the blade-relative frame without the use of rotating machinery (as woul<l

be re(luired f<)r a rotor). The en<lwall treat men) s eml>loyed in lhe exl)erimen(al st udies were

S(luare-e(l_ed axial skewed slots, as illustrated in Figure 7.2, extending from roughly 5(/((<)

.()5(/( axial <'hor(I l)eneath the stator blade row. A total of 170 treatmenl slots were ulilize(I

for the .15 I)la(l(' stator array. This contiguration has 1teen the focus of several extensive

experimental [7] and numerical [14] inw, stigalions. Ext)erimental data were laken for 1)oth

a slnooth (non-lreated hub) and for the hut> ut.i[izing the endwall treatments.

The numerical ana.lvsis of the MIT stalor was 1)erformed using a. mesh svslem comprised

of :} I)l<)('ks as showtl in Figures 7.3 and 7.1. H-tyl)e meshes were eml)loyed for each region

o['interes! in lit(' <'al<'ulalion. Sel)arate mesh systems were incorl)orated in lit(' l)lade hul>

(']eara)l('e r(,_i<)n and the treatment groove 1o avoid excessive mesh shear normally en<'oun-

feted with ll-tyl)e )neshes for cantilever mounted l)la<les (this implies thal lit(' l)]a<](, passage
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Inlet Guide

Vane

i
1
i

Exhaust

Duct

Location of Hub Treatment

Figure 7.1: MIT compressor research rig illuslrating st alor hub treatment geometry.

X-O Platte

Axial Skewed Groove Hub Treatment

R-O Plane

Rotation m

X-R Plane

Stator

F -I

Fig;ure 7.2: MIT stator and axial skewed slot endwall treatment geomelry.
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nleshwasgeneraledasif the bladeextendedfull span,and lhen lhe clearancenleshwas
added1odiscretizelhe clearanceregion). II shouldbe holedlhal lhe ineshcoordinales al

lhe boundary interfaces between the bla<le grid and Ill(, lrealnlenl grid. and the <'learance

grid and the treatnlent grid have conlnlon a'. r coordinates. This axisymnwlri<" coincideuce

simplifies tile boundary conllnunicalion scheme (circunfferenlial averages lnay I>e conlputed

alon_ mesh lines). A direcl <'ircumfereiitial average of flow <lala in Ill<' blade ]>assa_;e and

<'learance meshe,_ defines ill<' boundary specificalion for Ill(, lreallnenl mesh al lhe inter-

fa<'e alon_ lhe hub. The en<lwall treatmenl l ime-avera_;e t>oun<lary condili<>l| (described in

('hapler 5)i._ eml>loye<l Io colnph'te lhe boundary specifi<'alion for Ill(' l>la<le passage and

clearaI|ce ineshes along lhe hllb ill the region spanned (axially) l>v lhe lrealxnenl slol. The

mesh block sizes were 12.9×61×33 (axial. radial, circumferential for the blade ]>assatz<' mesh.

block t in Fiyzures 7.3,7+1), 65x13x5 (clearance region mesh, block :2 ill t"i_zures 7.3, 7.,1),

and .19x33x:{3 (trealmenl slol mesll, block 3 ill Figures 7.3,7..1).

The operaling t>oiltls for lhese calculations were detined by a specified ildel profih, taken

from lhe experilnentaI lneasurenlenls descril>ed in Reference [7]. The exil [tow con<Ill ions

were (d)lained ileraliwqy in all atlempl to match the exl>erinlenlal pressure rise coeflicienl.

Due It> Ill(' expense of ileralin_; on the 3-D solution, only 3 differenl operaling poinls were

run and Ill(, nearesl solulion was selected for furlher study. Pre<liclions were oblained for

tlows bolh with and wilhoul lhe i reatnlenl present and compared wilh experinlenla] <tala.

A comparison of the predicte<l and experilnentat inlel and exil spanwise lolal pressure

coef[icienl l>rofiles for Ill<' non-treated (smooth hub) and treated (endwall lrea! menl hub) are

_iven in tggures 7.5. and 7.6, respe<'tively. For the untreated hub cah'ulalions, lhe decrease

in lola[ l>ressure coefficienl was generally under pre<ticled, a lthouy_;h this was, in parl. due

io lhe previously lnentioned difficulties ill malching the exa<'l experimenlal flow conditi<>l_.

For the <'onll)arison of the lrealed endwall tesl case, the experinwntal data displays a ri._<

iu lolal pressure near Ill(, treated endwall. This rise is believed Io b<, due to lhe a<hled

work afforded to lhe fluid by the rotaling treatment passage. Unfortunalely, al best. ill('

i)re(licle(] data shows a |'educed lolal l)ressure loss in the outer en(hvall boundary laver.

Illuslralions of the pre<li<'led near endwall flowfiehl for lilt, slnoolh hub and the !waled

hub are given ill Figure 7.7 and 7.S, resl>ectively. The dark lraces represeld Ill(, lrajec-

tortes o[" tile clearance flow, while the lighter traces represent Ill(' tlow eIllering the I)la(le

passage fronl lhe lrealnlenl. Although not shown here. flow visualization of lhe l>re(licled

near endwall velocily vectors for both lhe treated and slnooth hub solulions denlons[ raled

p_.;ood (lualilative agreenlenI with the experinlental dala. 'i'll(' effe('l of the trealnlen! slols

al)l)ears Io be that of sweeping the clearance flow farl her af! lhan lhaI wllich oc('llrS ill lhe

tllllrealed slator. This effect helps to l>rohibit the buildup of "'blockage" resullill_ frolll Ill('

low lnonlentum, low lota l pressure, clearance flow vortex ill lhe forward porlion of lhe blade

passage. This buildup of blockage is |)elieved to be a significanl faclorconlribuling los|all

ill axial cOnll)ressor Fotors [:{7].

The t)resence of Ill(' treatlnenl passage acts lo rech'culate flow near Ill(' endwall from the

rear of the passage lo the frolll. The l)ercetltage of the blade passage flow passin_ lllrOllgh

Ill(' IrealmelllS was predicte<l to be approxinlately 0.5(/< (co[llpared lo 2t/_ estilnaled fronl

1he experimental data). (_rook's results [14] for the MIT stator were based on all inlposed

ireallllOllI []ow. }/rOlll those results, i! appears thai if l}le Ireailllell! flow is accllralely

nlodeled. Ihell the overall blade passage tlerformance ('all be caplured. The preselll hlabilil.v

to aCcllralely lnalt'h Ill(' exl)erimenlal dala sup_;p_;esls tlla! the endwall !reallnenl lime-average

boundary ('ondiliol_ is sonlehow not represelltative of the l inle-avera_e(] tlowtMd, or Ilia!

ill(' exa<'l physi('al l)rocesses associale(I with the endwall lreatments are linm-(lel)el|den! ill
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Block 2 Block 3

Block I

Block 3

Block 2

Figure 7.3: MIT sla,lor multiple |)lock mesh system.

132



Block I

Block 3

l:'i_uve 7..1: Slit slaior multiple I)lock mesh svsloill illusivalin_ skewed axial slot endwall

tl'('alll]('[ll ll](','-,]l.

nalure.

The collclusiolls veg:avdin_ lhis lesl case sup_jgesl thai for this rather low speed flow,

the (lualilalive cha]'at'terislics of lhe treal]n(']H flow wet'(' correctly t>redicled, t)ul thal lh('

overall mag:llilude of the tlov and the pressurp rise through Ill(' l['oallllOnl wero solnewhal

un<tec predicted. Un<'eclainly ill the experhnenlal operating; poinl mid in the at>lilly 1o

nieasure (leiails of lhe 11'eat lnenl :flow (e.g. the per('enlage of flow which'passes lhrough life

ll'eal lllOll| ) f()l' lids contipgui'atioll musl also be sust>ecl.

7.2 NASA Rotor 5 with Axial Skewed Groove Casing Treat-

ment

The :II)IJA( ' analysis was subsequently al)t)lied to ill(' NASA l/olor 5 geoiilell'.V, a high

sl)ee(t, hig:h ])l'O,_Slli'0 r_ltio fail enlploying-17 blades and a part span shroud. A descril)lioll

of the NASA t{otor 5 :_eoilletry, and a Slllniiiary of lhe design pel'forillance ])al'allielel's for

lliis fan at(' g;ivelt in Figure 7.9.

Several exl)erililenlal i esl <laia sets were awlilat)le for NASA l{olor 5 utilizhig, various

<'asin_; li'ealnl(,nls [1]. [2]. For lhe l>Url)oses of 1his l)aper, the skewed axial slol <'asinp.;

tr(,alment illusiraled in Fip.;ure 7.10 and described in Reference [1] was sele<'led for slu<tv.

The resull s for the lrealed i'olor l)resented in this seclioli were all oblained using; lhe eildwall

lr(,allllelii l iliie-averag:e 1)otindary condition descrit)ed in (:hapter 5.

('()llSialll Sl)('<'<l l)0fl'Ol'lll_<tllCO Clll'VeS were gellel'_,il ('d liSillg lhe A DP:l('analysis for NASA

Rolor 5 I)oi h wil h alld withoul elldwal] ll'oal lllelil followiiig; the liroce(lure l)reviollSiy ()ill-

lined. The lilinleri('al scllulioils eniployed ill(' lt-lype iilesh svslelilS illuslrale<l in l:i_4ul'es 7.11

and 7.17. hi lliis case, lwo niesh I)locks were required I()i" lhe blade l)assag;e due 1o lhe
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Figure 7..5: Comparison of predicted and experimental inlet and exit radial total pressure

coefficient I)rofiles for uon-trealed MIT stator.
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|:iguro 7.7: Predicted flow visualizalion of MIT slalor with smooth ondwall.

135



Figure 7.,'_: Predicted flow visualization of MIT stator with treated endwall.

Rotor 5 Verification Study

Description

Designed as a first stage rotor for a high pressure ratio compressor

Part-Span Damper

Treatments Teated:

Blade Angle Slots

Skewed Axial Slots

Circumferential Grooves

Perforated Cavity

Honeycomb

ROTOR

r=o

f

Design Information:

Total Pressure Ratio 1.652

Total Temperature Ratio 1.187

Efficiency 0.824

Weight Flow 65.284 Ib / s

RPM 16000

Tip Speed 1375.74 ft/s

Hub/Tip Radius Ratio 0.5 (Inlet)

Diamater (Nominal) 20 in

Tip Clearance (Nominal) 0.020 in

Number of Blades 47

References:

NASA TM X-2379

NASA TN D-6537

NASA TN D-6538

f'iguro 7.9: NASA Rotor .5 geometry and design l)erformmwe ._ummary.
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2.25 In

t- -I

_" 1.25 In

Airflow

Rotation

<_

["igIH'e 7.10: NASA l{olor 5 skewe(t axial slot el_(lwall tl-(,atlllellt geometr.v.

_" --J;T -£:+:_:--!

-I_@2- £ -T-- ;_-_

1,'i_;ure 7.11: N+\,SA Rolor 5 skewe<l axial slot endwall t]'ealment _,eometry mel'i{]ional and

I)la<le to t)la<ie mesh svsl{,til.
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I

l"i_;ure 7.12: NASA Rotor 5 skewed axial slot endwall _reatmenl _eomelry axial plane mesh

system.
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presenceof the part sl)anshroud.The tip clearanceregionwaseffectivelyrepresentedt)y
reducingthebladethicknessto zeroandemployinga cir('unlferential periodicity boundary

condition radially outt)oard from the blade tip. One(' again, the axisynunetric coordinates

(.r, r) of tile Upl)er blade passage mesh and tile treatmenl mesh are coinci(len! ah)ng the

casing hllerface to facilitate lhe use of the endwall trealnlen! thne-average bOul_dary con-

dition. The mesh block sizes were l lSx25x25 (axial. radial, circumferential for 111<, inner

blade passage mesh). 145xd 1x25 (outer b]ade passage mesh), and 105x25x 17 (Ireal menI slol

mesh ).

A conlparison oF the 10()_/, design speed predicted and <'xl>erinlental total pressure ratio

versus mass flow characterisli(' for NASA Rotor 5 is given in Figure 7.13 for both the base-

line (no casing treatment) and endwall lreated geometries. Be[ore discussing Ill(* analysis.

several anomalous data items must be noted. A survey el'the various re%ren<'es describhlg

exl)erinwnlal results for Rotor 5 was l>erformed to check the consislency of the "'baseline"

(no casing treallllelll) tqow nleasurements from one experimental sludy to the next. Mass

flow rates were measure<l using several techniques during each exI>erimental study. The data

indicate thai tile invesligators were unable to duplicate tile lllass flow characterislics froln

one build of the test rig; to the next. Indications were [3S] tIlat il was impossible to reI)ro-

<tu<'e the running rotor lip clearance between buil<ls which c<mtrilmted Io th<, consislency

problems. I_bra given buihl, mass flow rate measurements from the various lechldques were

also inconsistent, which leads to additional confusion. For COml)leleness, several exl>eri-

menial <lala curves are included on Figure 7.13 to illustrale the variation in data from one

run to the nexl. The coml>uted Rolor 5 baseline speedline shows some qualilative agree-

menl with tile experimenlal data, but detailed comparisons were llampered bv <lueslions

regarding the running blade ?_;eometry and tip clearance. Peak l>ressure rise and choke tlow

were both somewhat under i>r<,<li<'le<t by the analysis ill sl>ite o[ the relatively lille meshes

used. The computed rolor <'onstant speed chara<'leristi<' for tile axial skewe<t slol casing

treatment runs are also l)lotte<l on l.'igure 7.13. Th<' l/redicled effecl of lhe lreatment was

1o reduce the mass flow rate, allhough a slight inq>rovement ill the rotor weight tlow stall

margin was observe(l. This improvement was. a.t least ill relative terms, consistent wilh the

exl)<,rimentally observed behavior. Unforlunately, a corresponding-; re<tuclion in t>ressure ra-

tio was n<)l consistent with the experinwntal trends, and this observation led to additional

concerns for the en<hvall treatment time-average boun<lary condition. A similar cOral)arisen

of predicted and ext>erinlental efficiency versus mass tlow rate operating chara<'teristi<'s is

given in Figure 7.1.1. One favorat)le observation was thai 1he predicted relative chanp,;es in

stall margin mass flow and a<tiabatic efliciencies resulting from the al)l)lication of the casing

treatnlent were a<'curatelv cai>tured by the numerical simulations.

All analysis of the spanwise variation in flow properties for NASA Rotor 5 both with

and without casing treat.menI is provided in Figures 7.15 an<l 7.16. In these curves, the

t)re<ticted and experilnental radial distributions of total temperalure and tolal pressure

versus span are <'ompare<t tor the baseline and endwall treate<t rotors near the baseline rotor

stall point. It is interesting to note that total temperatures are relatively well l)redicted

across Ill<, entire span for both the baseline and treated rotor geometries. The data for the

treated geometry ¢lisl>la.ye<l a large increase in total teml>erature near tile rotor tip which

is indicative of Ill<, energy addition resulting from the treated endwall. Unfortunalely. the

coral)arisen of sl>anwise l<)tal pressure distribution is nol as favorable. The pre<tiction for

lhe endwall t reatnlent pgeometry displays a rather large decrease in lotal pressure near the

rotor lip which can only be attributed lo the effecls of the en<lwall lreatlnenl time-average

boun<lary condition. The exl)erimental data for this case in<It<ale a slight iJ_<'r_o._e ill t ola[
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pressureneartile tip. It seemsapparenttila,t theeffectof tile numericalendwa,lltreatment
time-averagebounda,rycondition providesthe properenergyinput to the bladepassage
flowfield,bu! that this energy is introduced ill a, relatively inefficient manner (presumably

a result of the circumferential averaging inherent in this scheme) resulting in tile noticeable

([egra,datioll of total pressure near tim lip.

7.3 AE3007 Fan Rotor Treatment Configuration Study

This sections descril)es results from a treatment configuration stu(ly a,i)plie(t 1o a lnodern

high bypass ratio fan rotor. The objective of this study was to analyze !,he effectiveness

of the coinputational analysis in a realistic design-like scenario. Although ex!ensive ex-

l)erimental (tata were not available, tile results are nevertheless in!cresting and serve to

(temollstrate the applicability of complex 3-I) aerodynamic analysis for conceptual design

problems. The Allison AE3007 fan was selected as the baseline re!or [br !his study. The

rotor selected is a relatively recent design based in large par! on 3-I) Navier-Stokes de-

sign procedures. The trea,tmen! configuration study examined the effects of circumferential

groove, axial and blade angle slot. and recessed vane casing treatmen!s on the performance

of the AE3007 fan. The circumferential groove casing trea, tment was based on an Allison

(lesign for which limited experimental data were availa|)le. The treatment consisted of 5

circumferential grooves of moderate depth equa,lly spaced fl'om roughly 15% to S5% axial

chord. The axial and blade-angle slot casing treatment geometries were designed to t)e

consistent with l)fimary geometric characteristics of the circumferential groove design (e.g.

treatment depth), and folk)wed lnany of the reconmlenda, tions tbr casing trea!men! design

(percen!age of exposed area, axial breadth, etc.) given in Reference [39]. Tile recessed

vane casing treailnen! was designed based on geometries nsed effectively for low speed axial

fans [13].

Suitable meshes similar to those previously described were generated for each config-

uration, and a series of 100(X constant speed operating curves were generated using the

appropriate analysis. The circumferential groove casing !reatmenl analysis uiilized the di-

rer! couple boundary condition procedure (PATCH. as defined in the A DPA('07 User's

Manual [28]), while the axial slot, blade-angle slot, and recesse<t vane treatment analy-

ses were based on the endwall lreatment time-average boundary condi!ion (ENDTTA, as

defined in the A DPA('07 User's Manual [28]).

Predicted 100(X speed l)ressure ratio versus mass flow and efliciencv versus mass flow

characteristics are presented in Figure 7.17 for the circumferenlial groow, casing treatment.

The predicted and experinmntal I)aseline rotor l)erformance is iuclude<l on this plot for refer-

ence. A limited amount of experimental data was available for this particular configuration,

and these data are also included. The predicted rotor baseline performance agrees faMy

well with the measured perforn_ance curves. It is particularly satisfying that the stall-lira!!

mass flow margin al)pears to t)e accurately captured. From the experimental data. tile cir-

cumferential groove casing !reatment was observed to extend the stall margin appreciably.

By comparison, results fl'om tile analysis show a similar stall margin improvement, and, in

fact, match the experinmntally determined stall mass flow rate quite well. Resnl!s fl'om a

second series of analytical resulls based on tile en<lwall trealment time-average boundary

condition are also provided on Figure 7.17 for comparison. A circumDrential groove rep-

resents tile limit of a discrete treatment slot where the number of treatments equals the

numl>er of blades, and ill(' treatment circumferential pilch is e(lual !olhe blade pitch. The
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an<l etliciency versus mass flow operating characteristic for At'_;_OO7 fan with circumferelllial

_roove ('ashlg treat lllellt.

endwall trealment boundary condition al)plied in this manner, and cOral)areal with the di-

rect couple boundary condition results represents a validity check on lhe endwall tI'eatnlollt

lime-average boundary condition. Predictions froml)oth boundary conditions were in good

ag_repluelll, and resulled in nearly identical l)redicted stalling; lllaSS tlow tales.

Similar performance curves are provided for the axial slot, blade-angle slot, and recessed

valle casing tl'eatlllents in Figures 7.1S, 7.19, and 7.20, respectively. No experimental data

were available for these COllfigurations, so these results lllUS! be inlerl)reted with the kl|oWll

limitations and deficiencies of the model in mind. The primary effect of the axial slot

casing |l'ea|lllel|t was a reduction in pl'(_SSllre ratio near stall, with a ]ar_er sial] margin

improvemeltt compared to the circunffel'ential groove casing treallllent. Efficiency was

degraded over the entire operating curve. It should be noted that a slightly different rotor

baseline t)eI'tOrlllallCe was predicted using this mesh svstelll compared to the circumferential

groove mesh system. For each of the configurations in this study, the blade passage mesh

changes siKnifi('antly with treatnlent geometry, and the reslllts appear I)e sensitive to the

mesh. particularly near stall. The difficulties associated with l)rediclillg stall have already

been discussed, and these results serve to emphasize this point. :\ similar analysis of the

blade angle slot casing treatlllel|t results indicate a less effective ilIlt)rovelllellt ill stall marygin.

but an unexpected increase in efficiency near stall. Previous experience with the endwall

Ireatlllelll time-average boundary condition has indicated that while the pressure ratio is

not normally well predicted, the stall margin and efficiency often are, and these results are

t }!.erefore presel_te<l with _uarded confiden<'e. Significant changes in the shock st ruct ure were

observed for both the axial and blade angle treatment calculations corot>areal to the baseline

geOllletl'y. If! lilt)St cases, lhe blade passa_;e shock near the tip was const rained farther back

in lhe blade passage due to the sharp corner of the treatment ('avily. :\1 cerlain I)ressllre
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ratios, a <touble shock al>peared, and the relationship between treallnenl type and shock

structul'e must nol l>eoverlooked as a mechatfism for stall control of hi_;h speed fan rolors.

The recessed vane casing lreatllTelg results presented in t:igure 7.20 illustrate a more

dramatic <'hallge in l)efformance coml)are<l to the baseline rotor results. The drastic mod-

i|icaliol_ of the eHdwa]] and the open area over the rotor effectively uncovers the throa!

re_;iot|, resulting; in a si_ni|icant chan_e ill 7"<)1o7'choked flow. The predictions indicale a

rat her lar_;e stall |low marg;il|, Ilul the unconventional nature of this g;e<>metry su_;Kesls thai

further slu<lv is required.

A COml_arison of the i>redi<'ted I)lade surface pressure dist_'ibutions and clearance flow

particle 1races is _iven in 1-'i_ures 7.21-7.2.3 for each of the 5 geometries (soli<l endwall.

circumferential _roove, axial slot, blade angle slot, and recessed vane), respectively. 1.'ronl

these ti_ures it is apparent that there are drastic differences between treatmen! lypes and

the resultant elfects on blade surface pressure and clear flow trajectories. Tile primary

effect of the axial slot, blade-angle slot, and recessed vane treatment pre<tictions appears

I<> I)e a sweeping of the clearance flow downstream, thus eliminating much of the I>locka_;e

associated with the clearance flow in the forward part of the blade passage. This results in

a si_;ni[icanl alteration of the near tip shock structure for this transonic rotor. The axial

slot. blade-anKle slot, and recessed vane treatment predictions clearly show a double passage

shock resulting from the strong; flow recirculation due to the treatments, as well as the sharp

corners in the flow path associated with the treatment cavities. The circumferential _roove

l)re<lictions show some of the same clearance flow I)ehavior, but to a lesser extent, and the

bla<le passae;e shock appears to have moved slighlly downstream uear the tip compared

to the baseline (solid endwall) f>re<lictio7_. It is unclear from tl)ese sohtlions whelher the

l>rimary slall marg;in enhancement afforded by 1,he treatll|el|t is a result of Ill(' clearance

flow manipulation or the change in shock sll'lTctHre and location.
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Clearance Flow
Particle Traces

Figure 7.21: Predicted clearance flow particle traces and rotor surface slatic pressure con-

tours for AE3007 fan wilh solid endwall (no lreatment).

Clearance Flow
Particle Traces

Figure 7.22: Pre<li<'ted clearallce flow particle traces and I'OLO1' surface slati<" pressure <'on-

louts tor AE3007 fan wilh circun,ferential groove endwall ireatmelll.
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Clearance Flow
Particle Traces

Figure 7.2:3: Predicted clearance flow particle traces and rotor surface slalic pressure con-

tours for :\[_:_007 ['all with axial slot endwall t reallnent.

Clearance Flow

_ Particle Traces

Figure 7.2,1: Predict¢,d clearance flow particle traces and rotor surface static pressure con-

tours for AE:_()07 fan wilh blade-angle slot endwall irea,l, ment.
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Clearance Flow
Particle Traces

Figure 7.25: Predicted clearance flow particle traces and rotor surface static pressure coil-

tours for AE3007 fan with recesse(t Va.lle endwall trealnient.

During tile course <ff the lrealnienl configuration study, it was (lelerniined thai a siniph,

effective tool for exa, iiliilhig tile effect <)f the treatiiielil eli the ov,,rall blade passage flow was

to circunlferentially average tile final I)redicled flowfiel<t and exainine lho predicled axisyni-

llleiric ;t|ow velocity vectors ileal' the tip of the rotor. Several plols of' this type are given

ilt Fignre 7.26 for the Ilaselille and treated rotor flowfiel<ls for tile t)aseline rotor near stall

operating point, hi the case of the baseline rotor, tile axisylllllielric average of the clearaii<'e

flow vortex is inanifested as a recirculation bubble ill t]ie clearan('e rey,;ion. Nunierical ex-

lierililelitation has Sllggesl,e(] thai as tills represelitative recirculalioli t>ul)l)le lllOVes fan her

and farther tlpstreaui, the rolor approaches the stall point. The reinaining plots illustrate

a similar analysis of the -_:E3007 fall rotor with the selected endwall treatnlent a,pl)lied. It

is readily obvious thai for each configuration, the endwall mid clearance flows are ralher

(trastically altered. In the case of lhe 5 circumferential groove casing treatnieut, the larp_;e

recirculation bubble observed in the baseline case is now represented as 5 snialler recircula-

lion bubbles confined to the vicinity of the grooves. It is sl)eculated that this confinenl(ml

is one factor contributing to the stall margin imt)rovement observed with circumfereulial

groove casiupg treatnients. The endwall flow behavior for the remaining treatinenls are even

more dranialic, displaying large confined regions of recircnlating flow which contrit)ute to

the stall niargin enhancement process.

One iniportant observation frOlll this study was that the near stall flowfield for I)olh

lhe baseline and each of the treated rotor geometries displayed similar near lea dinp_; edp;e

endwall flow characteristics. The resull s of this study SUl)l)orle<t lhe ol)servations Oil lhe role

of clearance flows Oll St all tiehavior reporie(t ]11 [37], The preselll 1)redictions suggest that i tie

niechaliislns of stall were itiuch the saiiie for both the baseline a li(I treale<] configllraliolis, but

that si all occurred at different niass flow rates. These results in<licaie, al least COliCepI uallv.

the useftihiess of a detaile<l casing treatnieni predictive tool for desig_;u analysis.
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Solid Endwall (No Treatment)

5 Circumferential Groove Casing Treatment

Axial Slot Casing Treatment

Recessed Vane Casing Treatment

F ,_ur(' T.?(i: AE:_007 fall treatment configuration sludy summary of a xisymm('lric av(,ra_(,d

(,ILdw_ll (low behavior.
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7.4 Summary of Steady State No Distortion Predictions

I)etailed sleady state aerodynamic l)redictions have been obtained for various compressor

endwall t.reatnmnt configurations using an a<tvanced 3-D Navier-Slokes analysis techi,i(lue.

Numerical boundary couditions developed for the steady sla.le analysis include a direct

('ouple sclmme for circtunferenlial groove endwall l.rea.tnmnls an<l an en(lwall trealmenl linle-

average approach for l)redicling steady state flows for discrete slotted endwall lrealmenls.

The analysis of the MIT starer demonstrated the stability of the endwall lrealluenl

lime-average boundary condition, but the numerical results indicated thai for lids low

speed flow. lhe beneficial effecls of lhe treatment were somewhal under l)redicle(I by the

analysis. This <tiscrepancy was believed to be due (at least in part) to lhe circumferenlial

averaging procedure used in the numerical approximation.

The ana.|vsis was subsequently applied to a high spee(l flow case utilizing the NASA

Rotor 5 geometry with skewed axial slot casing treatment. A detailed analysis of these

results in(ticaled thai the numerical representalion of lhe discrete irealnlenls l)rovidod an

adequale increase in total teml)erature (representative of energy inpul), bul nol in lolal

I)ressure ( rei)resentative of efficiency).

A detailed design configuration study was performed for the AE3007 fan rolor wilh

circumferential groove, axial slot.. |)lade angle slot, and eml)edded vane endwall treal nlenl s.

The results of lhe study indicated that circumferential grooves should l)e used as a conser-

vative apl)roach (nfinimal loss in efficiency) to enhance stall margin, and lha! ad(litional

sla.ll margin ilnl)rovement would most effectively be afforded l)y axial s]ots.

The discrepancy between the endwall trea.tlnent time-average prediclions and lhe avail-

able exl)erimental data. imply that additional developments are required for lhis lype of

boundary condilion before accurate design analyses can be performed. It is also possible

thal some of the 1)eneficial effects of tile discrete slot endwall treatments result from a truly

lime-(lependenl flow slructure, in which case only the tilne-a.ccurale solulion scheme can be

expected to accurately cai)ture this flow. Fortunately, these problems do not detract from

lhe vali(tily of lhe solutions involving circumferenlial groove treatnmnls.
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Chapter 8

TIME DEPENDENT CASING

TREATMENT ANALYSIS (NO

DISTORTION)

Several preliminary 3-1) ('al('ulalions were performed for lhe A1_2)()()7 Pan re!or wilh a re-

('esse(l w_ne caning Irealn|enl IIS]II_ )he |illle-a('(')ll'0.|(' boundary (-on(Ill!on l)rO('edure (le-

s('ril)ed in (:hal)ter 3. The l'esulln ill this s(,('lion wet(, (let!veal primarily under NASA

(:()ll(l'a(') N.\S;)-2527(). "lhsk [i- ('as!rig TreatmeIl( Analavsis. l)ul are rel)or(ed formally

under (he ])resen)lask.

8.1 NASA Rotor 5 with Axial Skewed Slot Casing Treat-

ment

The tits( lesl case is t)aned on lhe calculation of the (ime-(lel)enden! aerodynamic intera('-

lion resulling from lhe relalive motion between a rolaling fan t)lade and a dincrele endwall

Ireal tile!l| ge()ll)ell'.v. This les( cane wan 1)ased on ]he NASA [{olor r) fan wi111 axially skewe(I

slol endwal[ lreatnleIli.n. The NASA Rolor 5 design and endwall t)'ealll)e)ll geo)11e|]'.V are

described extensively in the p)'evious chapter. The ratio of endwall slo!s to rotor airfoils

was (i:l, an(1 lherefore a single |)lade passage rel)renenlalion is use(l in con.iun('liotls wilh

(i endwall lreallnen! slot rel)renentations. In order !o l)ermil coln)l)u)li('a.lioll between lh(,

endwall lrealtne)ll mesh svsl.elns and (he rotor blade passage mesh, an inle)')1)ediale l[-

lyl)(, lnenh was conslructed an shown in Figure ,_.1. The internmdiate mesh shares common

l)oinln wil h lhe inner t)orlion of each of the t)'eatmen! meshes. The intermediale mesh also

shares conlmon axial and radial points wilh the ouler portiol) of lhe blade passage mesh

in lhe lip clearall('e flow region. The interface I)elween 1|1(, I)la(le passage mesh and lhe

inlermediale mesh is therefore treated as a sliding boundary, and flow dala in lra llsf('rred

from (he blade l)annage mesh to l he interlnediaIe mesh (and sul)sequenlly lhe lreallnen(

sloln) )hrough a lime-space interl)olalion 1)rote(lure- The inlerface 1)elween the I)]ade pan-

sag;(' mesh and !he inlermediate mesh is equivalent to the inler-1)lade row inlerface in a

rot or/sl a_or aero(lv_ami(' interaction analysis for mullistage I url)omachh)ery.

The solution was initialed ['rom a steady sial(' analysis for life e(luivalen) geonlelry

wil h no relative molion l)elween !he rolor and (r(,almenl. :\1 !hal l)Oin(, lhe lit))(' a('('urale

nolulion was advanced unlil a time-l)eriodic solution wan ol)laine(l, l:igure s.2 illuslrales an
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instanlaneous snapshol of lhe color/treatment interaction solution. St at ic pressure contours

on an axial plane are highlighted to show the intera<'lion between lhe rolor passage flow

and the i reatmen! slots. Static pressure contour lines are also given <>n a ra<tial plane

near 1he tip to illustrate the large gradients associated wilh Ill(' leading edge sta_nalion

point an<l bow sho<'k [tow features. A significan! amounl of tlow injeclion/removal was

observed in lhe numerical solulion for the rolor/treallnent aero<lynamic i,leraclion. The

flow removal occurred primarily over lhe aft =10% of 1he lreatmen! slot. 1,'h>w injection

oc<'urred over the forwar(I 35% of the trealmenl slol, which sug_esls lhal apl)roximalely

25¢/ of lhe open treat ment slol region was unused. The lime evolulion of I he l|'eal menl slot

tlowtiel<l is illusl|'ated by lhe inslanlaneous velocity vector t)atlerns _iven in Figure s.3. The

images presented (>n Figure s.3 represent five "snapshots'" of Ill(' lime-periodic flow cv<'h'

exl>erien('e<l l>v each lreatme,t slot. The blade l>assage flow is fronl l)ollom lolop in this

[i_ure. The velocity ve<'Iors are shaded by absolule lotal pressure (dark arrows in(licale low

lotal pressure). The veclors represenl the instanlaneous velocity al points on Ihe mid-])ilcll

])lane (<'ircunfferentially) of lhe lreatment tartly. The flow in lhe slols essenlially llrovides

a re('ir('ulalion path fox' the downstream, high t(>tal l)ressure flow 1o lhe tbrward t)ortion of

lhe color. Flow removal (from the blade passage perspective) occurs over 1he rearwar(I-iX)(/

of the slot opening. This flow removal does not vary signiticanlly (>vet linle. Flow injeclion

occurs over the forward 40% of the treatment slot opening. The flow injection [)rocess is

highly unsteady. As the r<)tor tip approaches the slot opening, the high stall(' pressure on

lhe blade retards the injection process from the slot. At some h)cations, this retar(lation

is strong enough to result in very local flow removal from the blade l)assage. As the color

passes lhe treatment opening, a large, rapid decrease in the pressure seen by the trealmenl

opening occurs. A strong, jet-like flow injection occurs immediately after tile rotor suclion

surface has passed the treatment slot opening. This flow injection has low axial velocity.

but relatively large circunfferential and radial velocities. The relative total pressure of tile

injecled fluid is high because of the turning imparted by the skewed slot. The skewing

of ill(, slot essentially acts to turn the flow passing through the treatment cavity, much

like a vane. The predicted amount of turning on a mass-averaged basis was approximalely

1:{ degrees. The effect of this turning is illustrated in the comparison of the near 1)lade

lip h)a(ling interpreted from the blade surface static pressure ralio distributions for the

baseline rotor (steady state, no treatment analysis) and the the time averaged loading for

Ill(' rotor/treatmenl aero(lynamic interaction analysis shown in Figure S.4. Tile in('i(lence

change effected by tile flow injection at the front of the passage serves Io increase tile rotor

loading near the tip. and l)resulnably the flow removal <townstream aids to prevent flow

separation due 1o lhe increased loading. ('orner vortices are evident in all of the predicled

veh)citv vector patterns, which suggest that the treatment l)assages should not he designed

as rectangular slots.

8.2 AE3007 Fan Rotor with Recessed Vane Casing Treat-

ment

=\ l ime-(lel)endent analysis was also perfornled fox" the AE3007 fan with recessed vane cas-

i,g lreatm(,nl to examine Ill(, unsteady aerodynamics associated wilh the r(>tor/trealmenl

passage int eraction, and t o provide a comparison bet weell solulions at a corn mon ol)eral in2

l)oinl using tile en(lwall lrealmen! time-average and lime-(lel)en(lent t)oun(lary ('on(lilions.

The ireatmenl geometr.v was l)Url)osely designed lo have a 2:1 trealnw.l va.e lo rolor
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Figure8.2: Predictedinstanlaneousstatic pressurecontours(axial plane)andstalic pres-
surecontourlines(radial plane)for NASA Rotor5 rotor/endwall lr'eatnwnl aerodynamic

inleraction ana,lysis.
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[:ig;ure S.3: lh'etlicle(] instantaneous treatmen! slot velocity vector patterns for NASA Rotor

5 rotor/endwall Ireatlnent aerodynamic interaction analysis.
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and treated (time-average of rotor/treatnlent interaction) solutions.
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Figure s.5: ('Olnparison of time-dependent predicted and experimental 100(/ speed total

1)ressure ratio versus mass flow operating characteristic for A1:3_0()7 fan with recessed vane

casill_ treallllelli.

I>lade ('out,t ratio 1o simplit3" the mesh requirements for the tin,e-dependent solution. This

ratio permits the reduction of lhe problem to a single blade passage and 2 treatment vane

passages. The analysis was applied to a.n operating point which was believe<t to be near

the untreated rotor stall point. The time-marching solution was advanced through approx-

imately 10 blade passage periods before the solution was deemed time-periodic.

Time-dependent predictions were performe(I tot two mesh systems, the coarser mesh

being obtained from the ori?zinal mesh bv removing every other mesh line in each coordinate

direction. Tile iime-(tel)en<lent solutions were ultimately time-average(I, resulting in the

of>orating; condition indicated on the speed line in Figure S.5. Both the fine mesh and

the coarse mesh t>re(li('tions demonstrated good agreement with the speed line obtained

usin_ the endwa.ll treatment time-average t)oundary condition. An analysis of the unsteady

[towfield indicated a. time-l>eriodic vortical structure emanating from the leading edge of

the rotor, no doubt a result of the fact. that the leading edge at the tip exten<ls under

Ill(' open cavity. The vortical structure behaves similar t,o a vortex shed<ling l)hellomeua

otf a t>luff 1)<)dy. except that the flow does not apt)ear to t)e sel>arated (in tile traditional

two-dimensional boun<lary laver sense).

Pre(licted static pressure contours on an axial 1)lane within the blade l)assa_e are _;iven

in Figure s.6. A portion of the blade case has been removed from this figure Io expose the

re<'esse<] vanes. The vorti<'al structure i)reviously mentioned is indicated by the alteruatin_

re2ions of high and low pressure al)ove ttle rotor ill the treatment cavit.v. The overall

('OUtl)lexity of the flow cannot I)e explailJed in simple turl)omachinery airfoil flow l>arameters.
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Figure s.6: Predicted instantaneous slatic t)ressure conlours for AE3007 fan rotor with

recessed vane casing treatment (-15</( axial chord ).

8.3 Summary of Time Dependent No Distortion Predic-
tions

I)etailed tilne-depen(telLt a erodynanlic predictions have been el)lathed for a comt)resor en(t-

wall trealment configuration using an advanced 3-I) Navier-Stokes analysis lechnique based

on a time-accurate I>oundary interface-, proce(ture for predicting time-(tel)endenl airfoil/endwall

I reatment aerodynamic inl eract ions.

A time-depen(lenl solution of the aerodynamic interaction t)elween the AE3007 fan rotor

and an embed(ted vane casing treatmenl with a 1:2 rotor blade 1o trealment vane airfoil ratio

was t)erformed at the untreated rotor near stall condition. Time-averaged resulls from lhe

unslead.v analysis showed favoral)le agreement with steady state resulls using lhe endwall

treatment lime-average boundary condition. This suggests thai poor t)re(liclions t)reviously

ohlained wit h t he endwall trea tmenl time-average t)oundary condition were likely due lo 1he

facl lhal lhe lreatments involved inlermillenl regions of ol)en tlow (lrealment ol)elling ) and

elldwall. Th(' present treatment al)pli(:ation (recessed vane) (lees no! involve intermittent

en(lwall regions which might ultimately sway the circumferenlial av(,rages. This apl)arenl

(lrawl)a('k of the en(lwall treallllent limt,-average boundary [)ro('edure requires additional

development.

The l ime-depentlellt analysis indicated a time-(lepe]ldeut l)eriodic vorti('al tlow structure

near the rotor tip, allhough this was a ralher extreme geometric (lel)arture from the original

design. This unusual flow slru('ture was al)t)arently not a sip4nifican! fealure of the treal-

menl aerodynamic effe('l, as comparisons t)elween the tilne-average of the unsleady flow

calculation and the steady sial(, ca l('ulations based on the en(lwall Ireallllenl till|e-average
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boundarycondition displayedgoodagreement.The recessvanetreatmentdemonstrated
signiticanlpromisetot extendingtile a.emdynanlicallystableot)eralingrangeof ahighspeed
fan. andis a.pparelll]ysuitablefor modelingusingstea.dvstalesohllion lechniques.These
featuresindicalethat fulure designeffortsbasedon this lype of lreatnlonl would[)el,elil
significantlyfrom(:t:I) analysis.
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Chapter 9

STEADY STATE CASING

TREATMENT ANALYSIS WITH

INLET DISTORTION

h, this section, several steady slate predictions of turbonmchinery blade row tlowSehls bet I,

v<ith and without caning tr(,atment are presented. The resulls l)r(,sent(,d in this s(,ction are

itltended to a(l<lress the effects o[" inlet ttow distortion. The results in this section were

<lerived under NAS:\ ('ontract NAS3-25270. Task 7- Inlet I)islortion Analysis.

9.1 Radial Flow Distortion Analysis

A series of calculations was pertormed to evaluate tit(, pe,'formance (>f a modern turbofan

engine fan roior ht the presence of inlet distortion both with and with<m! coral)tensor casing

treatment. The geoInetry selected for thin study was the Allison AE3007 Type III fan rotor

with circuntferentia] groove casing treatment. The AE3007 fan in a 3S inch diameter fan

powering, a 7.000 pounds thrust turbofan en?..;ine being <teveloped f<>r the regional airliner

market, t:'revioun <'alculations for a similar geometry wet+esuccessful, and not,,(' experimental

data (with distorliott, but for an Ullll'eated rotor) were availal)le ai Allison to verify tit('

predicted results. A 5 groove casing treatment gee,hetty wan defined and is illustrated in

l:igure 9.1. Mesh generation for this task was performe<l using the TIG(;3D mesh generation

i)rogram due to tit(, simplicity wi!lt which tit(, circumferential groove casing treatments may

I>e applied (t he circumferential grooves are represented a.s zero thickness, zero camber blade

rows in lit(' Tl(;(;3Dinlmt). Mesh generation is considered a crucial factor in the nu<'<'ess

of thin analysis due to the unique re<luirementn for predicting details of a radially distorted

flow. The radial tlow distortions were represented by a degradation in inlet total pressure

concentrated near tit+' tip of the fan. Previous exl)erience has shown that tit<, ability to

accurately <'onvect a radially distorted flow requires a large concentration of grid point.s in
r_the vicinity of lit(' distortion. I herefor(, the meshes used in this study have been generat(,(I

wit It a t il)-heavy concentration of mesh l>oints.

9.1.1 Introduction

Within this section, the predicted effects of tip radial distortion it, llow will be presented as

they relate to tit(' operation el' a modern lurl>ofan engine fan rotor, and what effects, if any.
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StandardCasing (Notreatment)
5 CircumferentialGrooveTreatment

Figure 9.1 : ( feral)arisen of the standard ( no groove) casing wit h t he 5 groove endwall casing

treat nlen! geolnelr]es.

an endwall casing treatment will l)rovide. The flow prediclion code ADPA('07 was used

to obtain solutions for the Allison AE3007 fan rotor for cases with and without distorted

inflow. In combination with the variation in the inttow profiles, the effects of an endwall

casing treatment were also studied. The endwall treatment chosen was comp!'ised of five

circumferential grooves above the lip of the blade as shown in Figure 9.1. The variables

in the geometry and inttow profile led to four separate test cases: flow with and without

<'asing treat Illellt, all<] flow with and without tip radial inllow distortion.

The following sections review the grid generation process, the inlet l>rofiles used, lhe

solution procedure, the results obtained from ADPA('07 including a comparisol, wilh ex-

l)erimental data. and the effects of varying grid density on the solution.

9.1.2 Grid Generation

The following mesh requirements were defined prior to evaluating mesh size and structure.

The grid must provide adequate resolution to deiine tile blade geomelry and the casing

endwall treatment. Due to the testing of tip radial distortion cases, the grid spacing should

be tighter near the tip of the blade and through the tip clearance region. Another factor

considered in the grid selection was that calculations both with and without casing treat-

lnent should 1)e performed on the same blade passage nlesh. Hnallv. it was required that

the blade passage mesh and the groove mesh systems haw, contigous mesh distributions

along t heir common boundary.

Tile grid generation code TI(;(;3D was used to create an H-type grid which satisfied

the desired criteria described above. The grid was initially generaled as one large block

including the five casing treatnlent grooves. This large grid was then split into a main

t 64



bladepassagegrid andfiveseparale_roove_rids. Ill orderto providefor a sharI) edgeon
lhe til) of the t)ladeand to avoidIll(' grid shearnormallyassocialedwith I)lade tips for

an ]I-type mesh. lhe 1)]a(le passage airfoil mesh surface was generale<l as if no clearance

regioli exisle([ (the I)la<le surfaces extend all tim v,:av to lhe ('as('). A separale tip clearance

grid was IhelL gellerale(] 1o nlat('h the blade passage ill the clearalLce region. This stru('t ure

elilnil|ale<l the rounding of the l)la(le e(tges. _I h( ('asin_ Ireatlnen! groove grids were lhen

augmenle(I lo exlen(I ow'r both lhe I)lade passage anti ('learal|ce region meshes. The fi.a]

_ri(I block counls for each case were two for Ill(' baseline re|or (ll<) ('aSill_ t l'eatillelll) and

sevell for lhe five _roove ('asin_ lreallllellt configuraliol,.

The maximum grid limits were selected to 1)ermil three levels of multi-grid (luring the

.,t I)PA (Y)7 solution. The final grid dimensions were 205 x 57 x-19 for the t)lade passage mesh.

157 x 9 x 13 for Ill(' tip clearance mesh. and 13 x 13 x 61 for each <'irculnferenlial groove mesh.

The blade surface point dislril)ulion was 157 points fl'om lea(tin_ e(l_e (located al i -- 25) to

I railing e(l_e and -19 poinl s from hul) to tip. The grid inlm was Iocaled al 1.s thor(Is Ill)St realll

fi'om lhe leading e<lge and the grid exit was located at 1.4 chords downs| ream of the trailing;

edge. The resulting; numbers of grid points for ea('h geomel r.v were: 590.931 for the standard

(no groove) geome| ry an<l 6 12.479 for the tire groove ge<)mei ry. An axis.vnmletric projecl ion

of the l[-LVl)e mesh for tile |eale<t rotor configuration is illustrated in Figure 9.2. The

mesh construction was a l_et)rai<', and utilizes hypert)olic functiot,s to establish the mesh

clustering. The tnaximum mesh cell expansion ratio for this mesh was 2.56 (in tile clearance

mesh).

The grid des<'ribed t)y Ill<' dimensions above will be referre<l to as the ./i_¢ grid. Solu! ions

were also obtained <m a less refined grid. This roars( grid was constructed l>y eliminating

every other mesh line in each of the three coordinate directions froin |he fine mesh. This

coarse grid was use(I |o establish initial results and to provide a COlnl)arison of gri<l density

sensi|ivitv which will l)e addressed later within this report.

9.1.3 Distorted Inlet Profile

S<)]ulions for each geometry w<,re perlbrmed for two (litferent inle! profiles referre<t t<) as

the clean inlet an<I Ill<' tip radial distortion inlet. Tile clean inlet eml>loye<t a uniform

inIlow I)roiile with constant tolal temperature and constant Iota] l)ressure equal to their

resl)eclive reference values. The tip radial distortion inlet I)rolile ha(t a unifornl radial

total tenll)erature distril)ution e<lual to the reference value, but with a radial total [)ressllre

(listril)ution which was degraded near the tip. The total t)ressure t)egan to decrease al

approximately 70(/sl)an an(t (tecreased to a value of S7(/of l he referellce tolal pressure. A

COml)arisol_ of 1:11('radial total t)ressure distributions for the two inlet I)rofiles is shown in

t:ig;ure 9.3. The distorted inlel I)rofiles were iml)iemented through til<, l)oundary conditions

file by varying |he 1eta] pressure (variable PTOT. as defined in the +lD[):|('07 User's

Manual [2s]) <listrit)ution in the :tDI_4('07 INLETT 1)oundary data slalelnenl.

9.1.4 Solution Procedure

Solutions using the .,tDPA(Y)7 code were [)erfi)rmed for increasing back pressures from a

<'hoke operating point to a near-stall operating; l>oinl for all fol|r scenarios. Each solution

was run at 1()0(/ design ('orre('ted speed tbr the AE:',007 fan r<>tor. Enoup.;h calculations

were 1)erf<>rme(l |() (letine a constant sl)ee(I operating line f()r ea(']l case. F;a('h solution

point was run from a cold (uniform !'low) initial condition. The s<)[u!ions were slar!ed
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Figure 9.2: Meridional projection of H-type lnesh for AE3007 fa,n rotor wi! h cir('umferential

groove endwall treatment us¢_d for radial distorion study.
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Figure 9.3: Total pressure inlet profiles.

by using the full multi-grid capability in the A l)PA('OTcode. The solution was initially

adva,nce<l on the two coarsest levels of multi-grid for the fine mesh (only Olle level for the

coarse mesh). Following this, the solution was then continued on the fine mesh using multi-

grid and local time-steppimg with a CFL number (lime step multiplier, see inpu! variable

CFL in the :IDP, t('07 ['serfs Manual [2_]) of 5. ttowever, as the stall poin! for each

case was at)proa('lwd, the large lime steps and inulli-grid acceleration scheme apl)eared to

cause some numerical stability t)rol)lems within the tip clearance grid. At this t)oint, after

approximately 250 iteration on the fine mesh. the steady-state Cl"I_ number was lowered to 2

and the multi-grid opt ion was disabled, and the solution was restarted. This approach eased

the stability problems and allowed for smoother convergence near the stall limit opera!ing

point.

In addition to lhe values of the maxinmm and I{NIS residual errors, the values for inle!

and outlet mass [tows. t)ressure ratio, and efficiency were ot|tpuI to the convergence file

after each iteration. These data outlined the progression of the solution convergence and

was found to be a luore realistic indicator for final solution convergence.

9.1.5 AI)t_A('07 Results and Discussion

The 10()% constant speed lines generated fi'om the fine mesh data are shown in the form

of pressure ralio versus mass flow and efficiency versus mass flow curves in Figure 9.,1.

The pressure ratio aim efficiency were ca,lcula,led by COml>aring mass-averaged conditions al

one-half <'her</ behind the trailing edge to the mass-averaged inlet conditions. In addition

to the AD[5t('07 results, experinlental data (Ibr an u||treated rotor) are shown for lhe

baseline AE3007 fan subjected to inflow with and withou! radial distortion. Results ['rein

lhe D.t II_ES; [35] flow prediction code are also shown for contparison. A signitiean! diII'erence
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Figure 9.-1: Pressure ratio and efficiency for the AE3007 fan rotor.

between the ADPA('07 resuhs and the DAIVES' code results is apparent, and has been

ot)served in similar comparisons for other geometries. The significant overpre(ticlion of

efficiency I>v the /)All'E,S' code is suspe<'te(l Io I)e due to a 1)roblom in the 1)AII'I:',_' code

wall function formulation.

The fine mesh AD[>A('07 non-distortion results agree well with the corresponding ex-

l)erimental pressure ratio and only slightly over-predict lhe adiat>alic effi<'iency. The inlet

distortion predictions clearly show a <[ecrease in choked mass tlow. Difference between the

pre<lictions with and wilhoul casing treatmenl are not obvious from lhese l>lot, s. For com-

parison l>urposes, a set of four operating poinls on the speed line was chosen to COlnpare

the solutions in more detaih a peak efficiency point and a near-stall point for cases with

and without t,it) radial inlel distortion. Radial distributions of flow properties immediately

behind the trailing edge may provide some insight into the differences between the two

geometries and how the distorted flow is altered.

Radial distributions of tolal pressure ratio, total temperature ratio, efficiency and swirl

velocity (l_) are shown for the various (:ombinations of treated versus un!reated rotor, and

with and without lip radial distortion a,! the peak efficiency ol>eralin _ point in Figure 9.5.
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AE3007 Fan Radial Distortion Study
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Iq,gu]'e 9.5: (Oral)arise I of predicted and experinlental radial distributions of tolal l)rossure

ratio, total temperature ratio, efficie,lcy, and swirl velocity for llw Ai":1007 fan both with

and withou! circum.ferelltial groove endwall treatlnonl, and with and willlout tip radial

distortion at peak 0fliciency.

The radial distributions were obtailmd by circumferenlially-averaging predicted data at an

axial stalion one-quarler chord downstream of lhe trailing edge. The predicted resuJls show

good agreement with lhe experimental results for an untrealed rotor with both a clean inlet

and lip radial distortion. Predictions for the geometry with five groove casing treatmen!

did no! show any significant differences when compared to predictions for the baseline

geomelry, except w, ry near the tip. where the greatest differences were expected 1o occur.

The application of the lreat.lnetlt ill all cases tested caused an increase in total pressure al

al)l)roximately !)5</_. span when compared to the untreated rotor. This effect has also been

obsm'w'd in a number of experimental studies involving similar treatments [1]. It mus! also

be holed thal the circumfm'ential groove treatment does nol cause any appreciable change

in efficiency in ibis application.

A similar set of [)If)is is given in Figure 9.6 for operation at. a near-stall condition. In

this case. no losl data were a.vailable tot the radially dislorted inflow. The ett'(wl of lhe

lreallnent is again observed as an increase in total pressure al roughly !)5_/, span.

Allol ]lor flow t'haracterislic worth oxatnining is the blade passage shock s! rllcl llre. Plols
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Figure 9.6: ('omparison of predicled and experimental radial distributions of total pressure

ratio, total temperature ratio, efficienry, and swirl velocity for the AE3007 fan I)oth with

and without ('ir('umferential groove endwall treatment, and with and withoul lip radial

distortiou at near-stall.
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Figure 9.7: Relative Math number colitours located al the lip radial plane al peak efficiency

and no inh,l distorlion for I)olh ihe slan(lard casing (upper) and endwall lrealed (lower)

confiKuralions.

of predi('ted relative Ma('h nuinlier conlours on a t)lade-to-t)lade niesh surface were generale(l

at a ra(lial location corresl)onding to i,he blade lip. :%_series of lliese plots are given in

I:iKures 9.7, 9._, 9.i). and 9.10 for both the t)aseline and lreale(t _eonlelries for ih0 cases

of ll(t (lislorlion and peak efficiency, 11o distortion and near-sl, al]. lip radial dislorlion and

tieak efli('h, ncy, an(I til> radial dislorlion and near-slal, respectively.

Several interesting ot)servalions from the series of relative Macli llunll)er plots a i liie

t)lade tip were llOled. For ea('h individual geOlllelry, as the rotor apl)roaclies the stall-

liniii Ol)(,raiin R t)oints, the shock was observed to lllOVe forward in lhe I)la(le f)assa_e, and

evenl ualiy ])e('OllleS dei, a('he(l [1"o111 I he blade lea(ling edge. Since the radial sli('es were I aken

at l]le l)hysical tip of lhe fan rotor, the large influence of the tip clearance flow vortex

('_-/11 I)e seell as the clearance flow passes downsireani front the tip and ]nleraets with lhe

passage sliock wave. hi a coiiiparison ()if lhe Ma('h nuniber plots |)etv<een tile liaseline and

casing lrealilielit geonietries, lhe eft'cots of lhe 5 groove cashlg treatlnelll ('all t)e seen as

vertical ._tr(_lk._ in the contour 1)lots aligned with lhe placenieni, of llie grooves. ()lie of lhe

niosl significant diflTrenees between the two geolnetrios at a given flow condilion alil)ears

al lhe near-slall operating poinl with tip radial inlel distortion (Figure 9.10). The h)ealion

and shape of l lie shock a l)t)ears to show the shock detached from t]ie t)lade lea(ling edge

for bolh geonleiries at this operating poinl: however, the solution for lhe 5 groove casing

lrea,l,nienl iil(li('ales that the shock forward iilovelnenl has been retarded by lhe lreal, iiienl

and lhe shock 1)osilion is nlore stably nlainlaine(] farther afl ill the lilade l)assage. This

sho('k sl rllCl ure ilia):, hi part, a('('ount for i, he operation of the casing treal ilielll geolllei, ry al

slighl Iy higher I)ack pressures (alld tience, lower lllaSS flOW rales) llear stall lhan lhe liaseline

(lie groove) geoliietry.

('onli)arisons were also perfornie(1 for lhe cir('unlferenlially-averaged llleri(liolial velo('-

ilies ill the 1)la(le clearailce regioli for each of lhe o[)eraling con(lilions (]es('ril)e(l al)ove.

The ('orresl)on(ling nieri(liona] velocilv veclor plol s are SllOWIi in iqgures 9. l 1. 9. ] 2. 9.13.
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._._: Relalive Math number conlours located al lhe tip radial piano a,_ nea,r-sta|lFigure < '

and no inlel distorlion for both lhe stall<lar<] casing (Ul>per) and endwall lreale<l (lower)

<'onfiguratiolls.

i

i

\

)
f

/

Figure 9.9: Relative Math numl)er contours located at lhe tip radial plane al peak eIficiency

with lip radial dislortion for t>oth lhe slandar<t casing (Ul)per) and endwa[l lreale<l (lower)

confipgural ions.
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l:i_ure.9.10:lh,lativo Ma('hmnntwrcontourslocatedat the tip radial plane at noav'-slall

",,',,itIt tip radial dist,+)t'tion for l>oth the standard casi,_ (UF, l)er) and endwall trc, aled (lower)

('oil [igtt rat ions.

and 9. l l. rosl)eCtively. The rang;(' of vector ot'igitL lo('alions c,n those figures is From the

blad¢' lea(litlg edge to the tt'ailil+g edge in the axial dit'(,ction attd |'roln ..9.9(/<h[ade spa, to

tit(' endwall surface in the radial direction. Only every other vector ill th(" main blade pas-

sage •,'.,'as plotted for clarity. I)ul all o[" the vector.'-, ill the groc, v(,s were plotted itt ord(.'r to

maintain th(' n+,(+ded resolution. As expected, the voctors stt_gesl small vortical st t'uctt|ros

g;enerated within each of the 5 grooves compared to a single, larger vortical structure for

the baseline geometry at each operating point. The +lreng:t h and location of these vorticies

w_rv with lit(' lo('ation ()[' lhe shock near the lip. For the casing treallnent solutions, the

groove with the [arRest vortex correlates to l h¢' localion of the shock shown in tim plots of

relative _lach numl)er (['ig;ures .9.7-9.10).

9.1.6 Grid Density Sensitivity

Solutiot> for th(, AE:_0()7 fan rotor were carried out on two grids of different g;rid (l(,nsitv.

The ('oarse grid was ot)tahm<l 1)y removillg ever.v other grid line in the line mesh resulting in

a grid with dim¢,nsions: 1()3 x 2.9 x 25 for the I)la(te passage mesh. 7.q x 5 x 7 for the clearance

mesh, and 7 x 7 x 31 for each casing treatment groove mesh. The COml>arison ])etw(+(m the

.li,+ _;t'i(I and <'o+lr.++grid sohtlions ('an t)e seen in l:igttre 9.15. The tilled symbols represent

fi,(, grid solutions, att<l lhe open svtnbols t'el)r(+s(mt coarse grid solutions. F'igur(' ..9.1.5 shows

Ill<' Sl)('('(llitl('s for tile fan rotor for all four testing scenarios. From these plots, it al)l)ears

thal the coarse grid 1)redicle(l pressure ratio across th(' fan agrees w(,ll wilh the fin(' grid

values, llowev('r, predicted eiliciencies are high(,r for the coarse grid lhan the fill(' grid. This

may 1)(' due in t)art to the inability of the coarse grid to ad(,qual(,ly define tit(' losses tht'ollgh

tit(' hla(lo passaoge.

:X,s Ill(' g:rid is relitJed, lh(,so losses are more a('curalely resolved resulling: in a ]not'e

accuralo l)rediction of efficiency. This lnay also account for lhe over-prediction of Ill('

efficiency values cotnpared v:ith the exl)erimenlal lesl data shown earlier in l"ig:ure ..9..1.
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Tip Clearance Region

Peak Efficiency, No Inlet Distortion

No Groove

5 Groove

Figure 9.11: (_ircumferentially-averaged velocity vectors (shaded 1)y pressure) for peak effi-

ciency operating point wilhou! distortion. Figure shows region from blade leading edge to

blade trailing edge and from 97t/_, to 103tX, radial span.
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Tip Clearance Region

Near-Stall, No Inlet Distortion

No Groove

_1_, ........ , ......

5 Groove

t"igu re 9.12: ('ircunfferentially-averaged velocity vectors ( sha<led by pressure) for near-slal]

operalil_g poinl withou! dislorlion. Figure shows region froln bla<le lea<ling edge _o blade

trailing e<lg<, and from 97</ to 103_/ radial Sl_an.
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Tip Clearance Region

Peak Efficiency, Tip Radial Distortion

No Groove

JI// ....
' dl ,_L,........... .
: i r ........

5 Groove

Figure 9.13: (qrcumferentially-averap_;ed velocity ve<'tor,_ (shaded by pressure) for peak efli-

<'i<mcy <>l)eral, ing point with itdet dislortion. Figure shows regioH fronl blade leading edge

Io blade trailing edge and from .97(/ lo 103(/<, radial span.
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Tip Clearance Region

Near-Stall, Tip Radial Distortion

No Groove

5 Groove

l"i_ure 9.1J: (:ircumferenliallv-avera,_ed velocity vectors (shaded by pressu]'e) for near-stall

operatin_ point with lifter dislortiou. Figure shows regim_ from blade leadin_ edge 1o blade

traili_t_ edge and front 97¢/_ lo 1()3¢/_,radial span.
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Figure 9.15: Pressure ratio and etticiency spee<llines (100</ corrected speed) showing com-

parison between two grid <lensilies. Filled symbols represent Jil_< grid solutions, open sym-

bols represent <.o, rs¢ grid soh]lions.
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If the fine nlesh were filrther refined, perhaps tile predicted values would a_ree with the

experimental data in the limit of the wfinement.

Al,other diflicully with the coarse grid solutions was <'onver_ence. Soluiions based on

the coarse _ri<ls ten<led lo require more iierali<ms to reach a conver_ed steady state. As the

back pressure was iucrease<l, moving lhe operating poiul closer Io the slal]-limil poiul, the

pre<licted mass flow through lhe bla<te passage showed a continual decline and often did not

a<'hieve a steady state<'<mditi<>n. The mass flow treu(l as the t>ack pressure WAS increased

from lhe peak-efficiency poinl lo the near-stall t>oinl, as delermiued from lhe line _ri<l

t)rediclions, was l]ial l ile liia,ss flow reniained above .qS(Z of liie choked iii;*lss flow liiili] all

addilional increase hi back pressure pushed l lie rotor hilo slall. At this poinl, the predicied

lnass flow denionslraled a slow, continual decline versus iieralion couill. The pohils where

Ibis decline occurred were assuliied Io I)e beyond the slall linlil olieralhig l)ohil aiid are iiol

shown in the [i_;ure. l)etelunining the slall pohit for lhe rolor froln the coarse _ri<l sohllion

was eveli iuore <lifliculi. I)elerniining whether the reducl ion hi mass flow ','+;is a resull of lhe

fan slallin_ or a l'esull of the grid resohltion reacting; 1o the near-stall operalin_ pohil was

ilearl.v inipossil)le alia evelllllaliy tile coarse li/esh sohilions were al>andoned as linusable.

It does appear, liowever, lhat the resolution of lhe fine _;l'i<twas adequate for lilts SllidV.

\Vliereas tile coarse p.;ri<t allowed for a quicker approxiniation of tile t>ressure ratio, lhe fine

grid "'as re<luh'ed t o atlequately resolve t tie etticiency a iid, niore iinporlantly, del erniine t he

near-stall aerodynaulic character of liie AE3007 fan rolor. ('onipulalional lhnilalions aild

proTraui schedule lirohlt)iled exaliihiinl4 liie el't'ecls of enili]oyin_; finer nieshes llian ttiose

<lescrit)e<l hi this sludv.
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Chapter 10

TIME-DEPENDENT CASING

TREATMENT ANALYSIS WITH

INLET DISTORTION

In this chapter, a series of predictions for a modern lurl>ofan engine fan rolor operating

in the presence of circumferential inlet flow distortion is descril>ed, The motivation behind
lhese analyses was to examine in detail the aerodynamic impac! of <'ircumtiu'ential flow

distortion on the fa, l'OtOl', and to <leduce whal elli,<'t en<twall treatments may have in

of[selling the adverse impac! of circumferential distortion.

I0.I AE3007 Fan Rotor Circumferential Flow Distortion

Analysis

The geometry selected for this stu<tv was again the AE3007 fan rolor. I)etails of the eX.E3007

fan are given in previous sections. The analysis was applied 1o a baseline rotor, and a rotor

wilh circumferenlia[ grooveendwall Ireatmen! a,sillustrated in Figure 9.1. The geometry

is identical to the geonl(q, ry llsed fol" the radial flow distortion calculations des<'ril)ed in lhe

previous chapter, although different mesh systems were utilized for reasons to be discusse<l

later.

In order !o model fan perfornm,nce wit h circumferential inlet distort, ion. a time-dependent

analysis was performed in order to assess the aerodynamic interaction between lhe station-

arv. circumferentially varying distortion pattern and the rotating fan. The most common

<lis!ortion pattern encountered b.v lnost larger turbofan engine fan rotors in operation is

described I>y a on<'e per revolulion inlet flow defect resulting from opera!ion at angle of
a!!ack or installali<)n effects. The likelihood of multiple distortion cells per revolution is

less likely, although engine manufacturers commonly lest for the effects of these more com-

t>[ex ])atte|'ns. For the purposes of numerical analysis, the once per revolution distortion

pattern is COlnputationally much more difficult a,nd expensive to perform because 1he enlire

fan rolor must be modeled t<) accurately capture the fan rotor/inlet distortion aero<tvnamic

inleraction. This type of calculalion is described more fully in the next section dealing with

the full engine fan simulation, l:or the purposes of examining the eIl'ects of circumferenlial

(listortion on a smaller <-Oml>ulal, ional l>robleln, the dislorlion pal le|'|_ was modi[ie<l to ap-

pear as a four per revolution defe<'! in inlet ttow. This requires thai only one fourth, or 6

181



blade passages of the 24-bladed fan rotor must be modeled. Unfortunately, reducing tlte

problenl in this manner has stone drawbacks. Figure 2.6 illustrates tile effects of varying

lhe distortion pattern ill the manner described. It would apl)ear lhal as the circumferelltial

extent of a single distortion region is reduced, the detrimental efl'ects on fan performance

fall off rapidly for circumfferential extents less than 45 degrees. In addition, for a given total

circumferential exteut of mull!pie dislortion i)atterns, the greater lhe iiuinl)er of dislortion

cells, the less trot)act the dislortion has on fan performance. Thus, two 4,5 degree cells have

less impac! than a single 90 degree cell. and so on. Regretfully, time and computalional

costs prohibited a detailed st udv of these configurations. A general criteria for quasi-steady

compressor response to circumferenlial inlel flow distortion was describe<t by Longley [s2].
The criteria is formulated as

2> (10.1)
N

where A is the circumferential period of the circumferential distortion and N is the number
2_

of blades (hence _ is lhe bla<te pitch ). This criteria suggests lhal for quasi-steady response.

lhe bla<te of interest and the lwo llearesl neighboring blades operate under similar inflow

conditions. For the proposed case. with a blade pitch of 15 degrees, the minimum <'ircum-

ferential distortion pattern based on Longley's criteria wouhl have a circumik,renlial exlen!

of 120 degrees (3 per revolulion), tn spite of the known <trawbacks. lhe four per revolu-

tion distortion pa, tterll (circumferential extent of 90 degrees) was selected a,s a reasonable

comprondse between computali<)nal cost and aerodynamic impacl and importance.

A standard practice in describing inlet distortion patterns for turbofan engine manufac-

turers is to compute the cir<'unfferential distortion index ((!I)I). The derivation and basis

for the (:I)I is descril>ed in Reference [lS]. Simply stated, lhe (!l)l is define<t as:

('DI - Ate. _ P,,,. ......._: - t_,,_,:_ (10.2)
P P,_,<,._,_j_

where t_,,_,..:s_ is the average inlel lotal pressure and P._i. is tile minimum inlel iotal

pressure (wesumably due to distortion). \:arious weighting factors are also used to account

for multiple distortion lobes per revolution. Multiple lobe cir<'nmferential distortion test

data were available for the AE3007 fan with (!DI values ranging from 0.017 to 0.0219.

and therefore, a CDI value of 0.02 was selected for the present set of cah;ulations. Based

on the four per revolution distortion pattern, this suggests that lhe total pressure in the

disiorled region should be 0.960s limes the inlet total pressure for the undistorted flow (see

l_eference [lX] for details Oil this calculation).

The calculation was performed by constructing meshes capable of maintaining the sta-

tionary ut)stream distortion patlern as well as accurately modeling the six rotor blade

passages. To achieve this end. a sliding interface was utilized on a nearly constant axial

surface between the inflow meshes and blade passage meshes across which time and space

dependent aerodynanlic data were transferred using the .4DP.4('07 BCPRR boundary

condition. All illustrative block <fiagram of the circumferential flow distortion mesh sys-

tem is given in Figure 10.1. The distortion/rotor aerodynamic interaction problem was

therefore treated in the same manner as the rotor/stator interaclion in'o[)lems previously

described in this report. A stationary set of grids is coupled to a rotating sel of grids with

a sliding interface described by a sur['ace of rew)lution which is very nearly a constanl axial

plane. The stationary and rolaling grid segments have a common circumferential extent,

such that spatial periodicity may be applied across both the stationary and rotating mesh

seglnents, hi this case, of conrse, the stationary mesh seginenls are simply enipioyed to
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define lhe circumferentially varying (bul stationary)inflow distortion pattern, while tile

meshes discretizing the rotating fan sweep through tile conve<:led distortion profile.

10.1.1 Mesh Density Study

In order to nlinimize the COml)utalional resources required for this rather large simulation,

a mesh density study was I)erforme<l lo determine lhe minimum mesh size required to

accurately model the AE3007 fan rolor tlowtiel(1. Several mullil)le-l)lock H-lype meshes

were generated for the AE3007 fan blade with a 5 circumferenlial groove casing trealmenl

using the I'I(;(;3I) grid generation program. A constanl sl)eed operating characlerisli("

was t)re<ti<'te(l for the nominal fan wilhoul casing treatmen! with uldform (sleady-stale)

inlel conditions to evaluate a 105,000 grid l)oint mesh. Solutions for lit(, ]ighlly loade<l

(low l)ressure ralio)ol)erating poinls converged well with residuals <lrol)l)ing over 3 orders

of magnitude and the integrate(1 mass llow and etli('iencv evenlually settling to conslanl

vahes, llowever, a.s lhe back t)ressure was increased toward the slall 1)oinl, 111(' integraled

[tow and efficiency of lhe fan would drift slowly (over several lhousand ilerations) Ioward

stall. Although this drift behavior appeared to follow the expected ol)erating characterislic,

tit(, residual hislory was "q)oltolned-oul", making it difficult to deternfille when the solution

wascoml)leled, h|a(le(luale resolution oftheshock/tip-vortexinlera(qion near the blade tip

was believed to I)e lhe ('ause of this undesirable ('onvergence behavior. Satisfaclorv solulions

near the stall i)oinl were evenluallv obtained with a mesh of al)proximate]y 142,000 grid

points.

Steady-stale calculations withoul distortion were l)erformed using the selected mesh

wilh the 5 circumferential groove casing treatment (152.000 lotal l)Oints). These solulions

were used 1o assess the casing lreal tnellt grid resolution and the effect of 1he grooves for an

un(listorted inlet flow. Figures 10.2 and 10.3 compare l)redicted and exl)erimental pressure

ratio versus mass flow and efficiency versus mass flow, respectively, for the stable solutions

l]lal were ot)tained for conditions ranging Dora choke to t)eak efficiency for both the lrealed

and non-trealed rotor geometries using the 142,000 and 152,000 l)oinl meshes, resl)eclively.

These solutions indicaled that the H-type grids used to resolve each groove (7 axial, 7

radial, 41 tangential) were adequate. The corot)arisen of the lrealed an<l non-treated rotor

geometries for these solulion indicated thal the 5 groove tl'eatmenl does nol sig_d.ficanth. I

affect the overall l)erformance of this fan with an undislorled inlet flow. The results are

essentially identical to those obtained during the radial flow distortion study des('ribed in

the previous chapter.

10.1.2 Parallel Performance Study

Several l)ortions of the time-(lepe|lden! calculations for the <:ircumferenlial <list orl ion study

were t)erformed on the NASA-Lewis LACE (Lewis Advanced (fluster Environlnent ) compul-

ing platform. The LA(!E clusler consists of a networked sel of IBM 1_S-6()00 workstations.

as well as a self contained multit)rocessor workstation referred to as lhe SPI. Prior lo ex-

ecuting the full analysis, a study of parallel comt)uting performance was performed. This

sludy examined variations in COml)utational speed based on number of l)arallel l)rocessors,

boun(tax'v condition ty[)e, and load balance. Load balance was ac('omt)lishe(t by sl)ecit_'ing

I he block/processor assign lllellt via the case,m_tt(, blkln'o<" file (see +1DI'A ('07 [!ser's M an-

ual [2S] for details). Table 10.1 lists the various ('onfiguralions lesle(l and lhe resulling

('t)I r lime per ileration for 111(, LA('E SPI cluster. The ('P[" liming studies were per-
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AE 3007 Type III Fan Casing Treatment Analysis

Pressure Ratio vs. Flow Characteristic @Nc=100%, Clean Inlet
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Vigure 10.2: (k)mparison of predicted and expei'inlental pressure ratio versus mass flow

('hara('l eristi(" for lhe A 1'_3()07 fan ( 100% corrected speed).
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AE3007 Type III Fan Casing Treatment Analysis

Efficiency vs. Flow Characteristic @Nc=100%, Clean Inlet
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Figure 10.3: (!on_t>arison of predicted and ext)erimental efficiency versus mass flow charac-

teristic for the AE3007 fan ( 100_/ corrected speed).
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Summary of ADPAC Parallel Computing Performance on LACE SP1 Workstation

Cluster for Circumferential Distortion Study Untreated Rotor Mesh

# Processors Block/Processor CPU sec.

Assignment /iteration

Communication/Boundary

Application secJiteration

6 ADPAC Default 167.0 -- (BCPRR)

6 Blade Passage 37.9 8.9 (BCPRR)

8 Hand-Specified 46.2 18.0 (BCPRR)

6 Blade Passage 28.6 3.4 (BCPRM)

8 Hand-Specified 38.6 14.6 (BCPRM)

• ADPAC Default block/processor assigment is in incremental order (block 1 on proc 0,

block 2 on proc 1,etc.)

• Blade Passage block/processor assigment stores all 3 blocks associated with a given
blade passage on a single processor (blocks 1,2,and 3 on proc 0, etc.)

• Hand-Specified block/processor assignment attempts to load balance for 8 processors

(blocks 1, 3, 4, 6, 5,and 9 on proc 0, blocks 10, 12, 13, 15, 16, and 18 on proc 1, and
blocks 2, 5, 8, 11, 14, and 17 on procs 2, 3, 4, 5, 6, and 7, respectively.

Table 10.1: Summary of ADI_A('07 paralM CPV 1)erfl)rmance on LA(!I:. SPI cluster for

circunfferential distortion study untreated rotor lllesh.

fornted on the mesh representing the untreated rotor, with every other mesh line removed

lo pernlil relatively small CPU time per iteration. The results were assumed to scale pro-

portionally for lhe fine mesh. The initial run, based on 1 processor, is equivalent to the

serial execution speed. All other cotnt)inations utilized either 6 or S processors. Since the

mesh consists of lS mesh blocks, most of the combinations tested involved 3. 6, and 9

processors. The results presented in Table 10.1 are representative of the overall results.

The optimum collJiguratiol, was to utilize 6 processors, with the lnesh blocks distributed

such Ilia! the group of three mesh blocks associated with a given blade passage were on

a comnlon processor. (!onceptually, this arrangement gives the best load balance. (lore-

pared lo the N processor configuration, the additional colnmunication ow, rhead does no!

justify the additional computing power of 2 extra processors. A comparison of the 6 and

s processor arrangements using both the BCPRR and BCPRM boundary conditions is

also of interest in this study. The BCPRR and BCPRM boundary Sl)ecifications perform

essentially the same function: that is, these calls perlorm the time/space aerodynamic data

interpolation at the sliding interface used in the rotating/nonrotating mesh contigu|'ation.

The author's experience suggest that this boundary specification is the primary source of

inlet'processor communication overhead for this type of calculation. The BCPRM routine

was conslructed to reduce the communication overhead found in multiple BCPRR calls.

tlence, a single BCPRM can perform the same function a,s several BCPRR calls. Em-

ployin_ the BCPRM calls for the parallel performance test case resulted in a signiticanl

reduction in conmmnication and boundary a,t)plicatio]_ time ( Is.gtX, lo (i2.2(_ based on the

numl)er of processors) compared lo the BCPRR If'st results. The ol)titnuni configuration

using 6 l)rocessors with "'perfect" load balance and BCPRM I)oundary specitications was

therefore selecletl for l he time-(lel)endent calculalions.
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10.1.3 Circumferential Distortion Results

Boththe baselineandendwalltreatedtime-dei)endentcalculalionswereinilially advanced
ill asteadystatemodeto providea reasonablestartingpoinl for the unsteadysimulations.
The time-dependentsolutionswerethen initialed from the corresl)onding steady state so-

lutions. The solutions were advanced in time until a time periodic solution was ohserved.

Apl)roxintalely -I l)eriods, or oi,(, complete revolution of the wheel were require(l hefore a

(ime-l)erio<lic response was observed. The time-del)en(len( COml)utations were performed

using a variety of computing resources. Both serial and parallel conlputinp_; stralegies were

employed at various s(ages of the calculation as computing resources bocalne avai]able. A(

no time during any of Ihe simulalions was any evidence of rotating stall en<'ounlered. Under

the l)resent calculation strategy, if the aerodynamic conditions were such that a rotal.in_

stall shoukl occur, the analysis should have been capable (in theory)of capturing lhis im-

portant phenomenoll. Future predictions employing this strategy should concentrate furl her

on demonstrating (his cat)ability.

The lime-averaged 1)redicted mass flow rate for both the treated and untreated configu-

rations were essentially identical. Looking at (he mass-average of the lime-averaged solution,

the (reared configuraIion resulted in an exit. to inlet total pressure ratio which was 0.-14(7_

greater than the unlrealed configuration. The resulting adiabatic efficiency of the trealed

contigura(ion was 0.2<X: lower than the baseline rotor. The analysis of (he predicled resulls

focused on examining the aerodyllamic resl)onse of the rotor when the distoried inflow was

encountered. :\n effort was made to determilm Ihe i)hysical meclla.nisins which counierrac(

lhe negative effecls of the dist.or)ion, and to investigate the beneficial effects (if any) of the

endwall treatment )o aller these reactions (e.g. does (he treatment enhance the normal rolor

response to the distorted flow, or are some other new physical features brought into play?).

Predicted instantaneous inflow and outflow total pressure contour plots are given for both

lhe baseline rotor and the treated rotor in Figures 10.4 and 10.5, respectively for what was

estilnated to be a. near stall operating condition (due to tile computational expense of lhe

calculatioll, onl.v a single operating point coul<l be processed). The contours are plotted

on a mesh surface which is nearly a constant axial plane. The circumferential distribulion

of total pressure at the inflow boundary (representing tile specified inflow distortion pat-

tern) is essentially a square wave, with clearly defined boundaries between distorted and

undistorted flow. Since tile distortion pattern is applied to the stationary mesh surfaces,

the boundary between distorted and undistorted regions do no! necessarily lie along purely

radial rays.

The downstream total pressure contours from both the untreated and treated configu-

rations clearly display lhe four lobed pattern expected from tile specified inlet distorlion

t)attern, although the pattern is more apparent in the outer 40% of span than in tile inner

60% of span. The total pressure defect at, the inflow results in a, corresponding reduced

total pressure region at, the outflow boundary plane. A particularly trout)ling region of very

low total pressure exisls near the outer flowpath boundary in the circumferential center of

the outflow low total pressure lobe. It is this low total pressure region, resulting from clear-

ante flows and endwall boundary layer buihlup, in COl0unction with the low total pressure

distorted inflow, which leads to eventual stall at higher pressure ratios.

The overall lew'l of deviation in total pressure at the outflow boundary due to intlow

dislortion is reduced (coml)ared to tile deviation a,t the inlet) t)y tile observation that tile

rotor reacls to the retarded flow regions with increased bla(le aerodynamic loading. An

illustralion of (he l)redicled radial sl)anwise dislribution of circumferenliallv averaged total
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l:i_ure I0..l: hlfl<>w alL<I oulflow axial total pressure contour pattern for AE:{007 circumI'er-

,_'nl i_l distorl iol_ talc u lai ion ( lint teated rotor, near slall opora! ill_ poin! ).
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Figure 10..5: Inflow and outflow axial plane total pressure conlour pattern for AE3007

circumferential dislortion calculation (treated rotor, near stall Ol)eralinp_ poin! ).
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AE3007 Circumferential Inlet Distortion Study

Instantaneous Predicted Blade Passage Spanwise Total Pressure Profiles
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l:igure 10.6: Instantaneous predicled radial dist l'ilmtion of circumferentially averaged to-

lal pressure profiles for several blade passages of the AE3007 fan rolor (unlrealed) with

ch'cumferenlial inle! distortion.

pressure is given for an instant in time for each of the six blade passages for both the

untrealed and treated rotors in Figure 10.6. The corresponding steady slate (no dislorlion)

pre(lictions and no distortion test data, are also plotted for COlnparison. The variation in

predicted total pressure is essentially centered about the steady state predictions, excep! in

the vicinity of the lip. where both the treated and md, reated rotor simulalions indicate a

significant reduction in lot al pressure due to the distortion. I1 is interesting to hole lhal

the circumt'erenlially mass-averaged total pressure near the tip of the treated ro|ol' is less

than the ('orrespondin_ vahles for the untreated rotor, in spite of the facl |,hal the overall

pressure ra|io was higher for the treated configuration. This suggests a redistribution of

[low due lo the en<lwall treatment away fl'om the ]ow lotal pressure region (near the lip)

to hi,_her pressure ratio spanwise positions. This change in streamline distribution due

to |]_e recir('l_Jatin R flow of |he endwall l realnlent was also observed for the steady slale

calculations described in ('hapler 7.

Blade loading; was observed to change fairly dramatically fl'om passap_;e to passap_;e as the

dislorled inflow re_ion was traversed. Bolh the t realed and untreated How predic|ions show
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identical passage-to-passage variations in total pressure ratios from ()(/, to near 5()V<, span.

Beyond 50t/radial span, predictions for the treated configuration shows a smaller variation

in total pressure ratio variation than tile prediction for the untreated rotor. Total pressure

ratio very near the endwall is significantly lower for the treated configuration than the

untreated configuration. The minimization of the blade-to-bla<le variation in total pressure

ratio can be viewed as a beneficial effec! of the endwall treatmen! lot this time-varying [low.

When lhe distorted inflow region is encountered, there is a corresponding increase in blade

loading to achieve tile <tesired exit static l>ressure. This inechanism provi<les a reasonable

explanatio|l for the compressor response to inflow distortion patterns previously described.

If. in lhe average of time, the rotor is operating at a near stall con(litton, tile increase in

loading required to traverse the distorted flow and maintain the desired exit static pressure

could exceed the slall cal)abilitiy of the airfoil and cause premature stall. If. on lhe other

hand, lhe circumli, l'ential exlenl of the distortion is small, lhen i! is possible tha! lhe

rotor can recover from the excessiw, loading before catastrophic stall occurs. This implies

tha! the "'crilical" circumferential extent of the distorted region (described in Figure 2.5)

is a direct function of the ability oflhe blade 1o survive a temporary increase in loading

which would otherwise cause stall. Smaller circumferential extents inxpl,v a shorter duration

for the increased loading, and consequently, lhe rolor is more likely 1o recover from the

adverse operating condilion. It is clear that if tile circumferential extent is large enough.

! he rotor will stall, and no recovery is possible. Additional increases in circunfferential exlel]l

beyond this critical point will no! further degrade lhe performance. Therefore, anything

which permits the blade to survive longer durations of increased loading will enhance the

stall characlerislics of the rotor. It is also probable, then. that anything which minimizes

the variations in the rotor blade loading fron| the time-averaged state will also provide a

beneticial effecl in terms of stall. It is possible that endwall treatments provide a means

by which the blade can tolerate increased loadings fox' longer periods of time, and thus

improve stall margin. A literature survey of experimental tests fox" endwall treatments with

multiple-lobe<t circumferential <tistortion palterns was inconclusive on this l)oint; however,

the predictions from lids study indicate that this descrit>tion of the flow phenomena is valid.

Many el" lhe observed characleristics of the time-dependent calculations for the treated

rotor were consistent with the characteristics of the steady state characteristics from the

radial distortion study. These observations generally imply that the physical mechanisms

providing stall enhancelnent afforded by the use of circumferential grooves is essentially

the same for 1)oth radial and circumferenlial distortion patterns. This statement is not

necessarily remarkable, but does iml)ly that the stall enlmncement features of circumferential

grooves results fl'om essentially quasi-stead.v stale flow physics.

No estimate of the improvement in stall margin is possible based <)n this single simula-

lion. Time constraints prohibited simulating additional operating points which might have

otherwise permitted an estimate of stall margin degra<lation <lue to circumferential disto-

rytion, and stall margin enhancemenI due to the groove<l endwall twalment. V',:idespread

availability of supercoml)uter performance level workstations will ultimately permit more

complete studies of this nature.
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Flight Mach Number

Altitude

Corrected Speed

Angle of Attack

0.2

Sea Level (ISA)

100%

30 degrees

Table 10.2: Summary of flight conditions for ADI_A('O? engine/fan section (lislorlion cal-

culation.

10.2 AE3007 Engine Fan Section Inlet Flow Distortion Sim-

ulation

This section describes a ca, lculalion performed for a, realistic lurbol'an engine inlet/fan sec-

lion configuration to predict the behavior of a modern fan rotor operating in the presence

of inlel flow distortion lleSllllhlg frolll angle of a,tlack. The geomelry selected for this study

was again the Allison AE3007 turbofan engine. A schematic cross section of the engine

inlel, flowpath, and primary fan section componenls is given in Figure 10.7. This a,nalysis

was intended i<) provi<le some insight into the distortion l>attern resulling from a realislic

engine inle! operating under seve['e angle of attack flight conditions and to predic! the lime-

dependent aerodynami<" inlera<'lion of the resu]ting distorlioll l)allern with the totaling fan.

In addition, the downstream eflk, cl s of l,he distortion pattern were also of inleresl, and I here-

tore special consideralion was given to modeling additional downstream components in lhe

engine, and, in particular, the fan section. The modeling of these a,ddilional components

also provides the added feature of realistically back pressuring the fan rotor in thal event

that silnple radial equalibriun| is invalid.

The flight conditions selected tbr this calculation are lisle(I in Table 10.2. These condi-

lions were sele<'ted as being representative ofa "'wors! case" angle of allack/inftow dislorlion

flight condfiion COl!!monly encou|ltered I)3, modern commercial aircraft.

10.2.1 Mesh Generation

Flow paths [or lhe engine components of the Allison AE3007 fan engine were a sselnbled

an<l coml)ine<t 1o create a coml)osite of the two primary flow [>aths through the engine.

I:igure 10.7 shows the flow paths and the preliminary grid 1)lock boundary (letinilions gen-

et'ate<t I)y the turt)omachinery grid generation code TIG(;3D. With this particular engine

cotlfigttratiotl, the flow initially is split I)y the engine (:owl int.() the external flow and the

internal engine flow. The internal flow is then dra.wn into and through the fan rotor an<]

then split it,to the core and byl)ass flows. The byI)aSS ratio of the AF.3007 engine is 5:1. As

shown in Figure 1(I.7 the core |tow passes lhrough the core COml>ressor and exhaust diffuser

into the barrel of the coml)ustor. The flow palh for lhe cotnl)usl.or liner is not shown. After

exiting the ('otnl)ustor I)arrel. the core flow passes through the high presstlre (lIP) and (LP)

t llr])ine tlow paths and tinally exhausts t[|rough a mixed tlow exit nozzle configuration. The
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Figure10.7:AE3007engineflowpathand TI(i(;3D block boundary illustration.

bypass flow path, on the other hand is relatively simple. After passing over the flow Sl)lit-

ter, tile bypass flow traverses the length of the engine and is then mixed with the core flow

before exiting out of the exhaust nozzle at a design Mach number of al)proximately 1. The

calculation utilize<t specialize<t boundary conditions to simulate many of the internal flow

COml)onents. The calculation <'ore flowpath was terminated following lhe <:ore inlel guide

vane (1('\:). The effects of the core compressor, combustor, an<l lIP and LP turbine com-

ponenls were sinmlated using bulk boundary sl>ecitications at the core I(;V exit plane and

the core nozzle inlet plane. The bulk t)oundary conditions represenled the mass-averaged

flow properties of the core flow for the flight condition selected, and consequently, the core

flowt>ath is not gridded between the IGV exi! plane and the core flow nozzle inlet plane.

The bypass flow was uumerically modeled, and therefore the bypass flow path is al least

partically gridded.

Before final mesh generation, the TIG(;3D mesh generation program was modified so

that the rows of subblocks in the grid generation process, which in this case delineate the

core. bypass, and external flow field, could have different numbers of axial points, and the

grid could be output as three separate blocks instead of a single grid. This allowed the

number and distributioll of axial points in each row to be controlled independently. This

t>roduced a more effcient mesh system and did not force the use of waste<t points in one

block because of geometric constraints, such as a blade row, imposed by another block.

The TI(;GJD program generates a 3-D grid for oue pitch of a chosen blade row in the

flow paths defined within the inpul <leek. For this calculation, there are three blade rows

defined in lhe flow paths: the fan rotor with 2.1 blades, the core vane with 5s blades, and

the l>ypass vane with 74 blades. The TI(;(;3D pl'ograIll was run one time for each blade

row. Each run produced a 3-I) grid bounded by the flow paths in the meridional plane with

a circumferential pitch equal to the pitch of the given blade row (360 <tegrees divided by

the number of blades). Most of the overall grid for the full engine simulation was derive<t

from the grid generated for the fan rotor. The grids for the core vane and the bypass vane

were extracted from the subsequent TI(i(;3D runs for each resl>ective t)lade row.

The full flow field for this calculalion is decoinposed into 9s grid blocks. The s<'hematic

diagram given in Figure 10.S illustrates how t.he 9S blocks are distributed for this simulation.

The mesh consiste<t ot'4 "superblocks'" which each contained 24 blocks for ,he fully

three-dimensional non-periodic calculation of the fan flow. external flow. bypass exit flow,

and core exit flow. The superblocks are labele<l in Figure 10.s as s#l, s#2, s#3, and

s#.l respectively. These grids were obtaine<l by dul)licating the single pilch, periodic grid
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(Fan Rotor, full wheel)
Blocks 1-24

l,'i_ure 10.s: A E3007 engine flowpath and .4 DPA ('07 block numbering illust ralk)n.

generated for each of these regions of the flow field I>v TIGGJI) for 1he fan rotor blade

row. This produces _ ffull wheel' grid for the fan rotor, external ttow, bypass exil. and core

exil. These =l superblocks account for :t x 24 or 96 of the .9,_ l>]ocks in lh <'alculation. Block

number 97 is a single pit<'h 3-I) l>eriodic grid for the core vane, which has .Ss blades. Block

number 9S is a single pitch 3-1) periodic grid for the bypass vane. which has 7,1 blades.

The fan rotor [tow field (s#l) begins a! the inlet ]>lane and exten<ts axially to lhe leading

e(tge of lhe sl)litter downstream of the rotor. II is COUl)le<l to the core fl<)w and bypass flow

with a mixinp_; plane boundary condition. The flow variables from all 24 blade passages were

('ircumferentially mass-averaged and transferred as inlet conditions for the core and bypass

vane flows. Likewise, the values fi'om the single blade passage calculation of the core and

bypass vanes were circumferentially mass-averaged and transferred as exil con<litions for all

:2-1 blade passages of the fan rotor flow field. The external flow field (s#2) extends axially

fi'om lhe inlet to the exit. and radially from the cowl to the far outer boundary. I1 is coupled

to l,he fan rotor and bypass exit flows through usual ADt5IC'O7 PATCH block boundary

data transfer. The bypass exit (s#3) extends axially from the bypass nozzle discharge the

lhe exit of the flow domain. This region is coupled to the internal bypass flow (labelled

bypass vane) by mixing plane boundary condit, ions a.t the bypass nozzle discharge. The

core exit (s#-l) exlen<ls axially from the turbine exit to the exit of the flow domain. This

re_iotJ is nol direclly coupled to the core vane flow in the numerical solution, bul instead

utilized engine tesl dala at the turbine exit to <lefine inflow paranleters. The core vane ttow

fiel<l, which begins at the lea<ling e<lp,;e of the flow splitter, terminates at the axial location

corresponding to lhe lea<linp; edpge of the 1st blade row of the <'ore compressor. :\ stall<'

pressure exit con<litton was specified at the core vane exit plane to simulale the proper core

flow.
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Figure 10.9: Predictedsurfacestatic pressurecountoursandnear surfacestreamlinesfor
the AE3007fall (Mach=0.2,angleof attack=20.0degrees).

10.2.2 Mesh Density/Flow Condition Study

Severalmeshsystemsweretestedfor lhe full enginefan sectiondistortionstudy identified
for this task. Preliminary meshesweregeneraledfor the AE3007geometry,and initial
cal<:ulationswereperformedto analvzethe meshdependenceof the coInpute<t results. The

behavior of the near inlet flowfield at large angles of attack was of particular interest in order

to define a significant, yet realistic inlet flow distortion pattern for lhe fan section calcula-

lion. Several inlel-only calculations were performed to assess the degree of inlet dislorlion

a.l various angles of attack. Figure 10.9 illustrates the predicted surface static pressure

contours and near surface streamline flow pattern for an inlet-only (no fan blading present)

calculation for the AE3007 engine. The fan mass flow raw was adjusted through internal

sl)ecificatioll of boun(larv conditions wilhin the fan. The associated near fan face total i)res-

sure contour t)attern for each run was l)lotled and these distortion patlerns were examined

for various flight condilions in order to select the "best" (mosl realisli(') flight conditions

for the final time-(lel)endenl calculation. The flight conditions (toscribed in Table 10.2 were

based on the results of the mesh density/flow condition study.

10.2.3 Results

The time-<lependent engine simulation was initiated from a sleady stale solution on the same

mesh calculated a! 0 degrees angle of altack. The tilne-(lel)endenl simulation eml)loyed the
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Figure 10.10:Predicledinstantaneoussurfacestatic pressureconloursfor =\I":{007engine
simulalion(.Math=0.2.an_leof atlack=30.O degrees).

explicit time-marching strategy as the near wall mesll spacings were suflicienlly large to

permit relatively large explici! time steps. Approximately 10.000 lime sleps were required

for a complete rotation of the fan rotor, and the overall simulation required approximately

2 re'!or rew)lulions to achieve a lime-periodic behavior. A sample graphic i]]uslraling_ lhe

instantaneous engine surface static pressure contours is given in Figure 10.10. The asvnl-

metric pressure pattern on the outer surface of the cowl clearly indica.les lhe effects of the

angled inflow.

=\n illuml ralion of 111e predicled inslanlaneous near fan face inle! tolal pressure contours

is giwm in Figure 10.11.

The COlllour patlerll indicales lhe nearly annular region of low tolal pressure near the

cowl which represents the cowl boundary layer. The boundary laver lhickness is slighlly

larger on the lower surface due to the angled inflow. The lotal t)ressure defec! represents al

least one dislortion a.spect of the angle of attack operation. Ano!her aspect is related !o swirl

flow due lo angle of attack. 2ks the inlet captures lhe angled inflow, some flow slraighlening

occurs as a natural consequence of the inlet bounding surfa.ces. Un|k)rtunately. along the

sides of lhe inlet (at roughly the 3:00 o'clock and 9:00 o'clock positions viewed looking afl )

the flow is not sufficiently st.raightened, and from the rotor plane of reference, tiffs a.ng_led

inflow re[)resents local re,ions of positive and negaliw • bulk swirl, respectively. This bulk

swirl effect in effect modifies t.lke incidence angle at the rotor and can have significant impacl

on fan stall margin (see e.g. [1_]). The inlel total l)ressure contour pattern is nol symmetric
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Figure 10.11:Predictedinstantaneousnearfan faceinlel lotal pressurecontourstor lhe
AE3007enginesimulation(Mach=0.2.angleof attack=30.0degrees).

abou! all axisalignedwith the angledinflow. This is a resultof lhe upstream"inleraction
of lhe fan wilh 1,11oinle! distortion, previouslydiscussedin ('hapler 2. The asymmelric
loadingof thefanresultingfl'omtotal pressuredistortionandlocalswMfloweffectsresulls
in a side1osidebiasof the inflow,causingthe observedasynmletry.

Bolh the total pressuredistorlion andlocal swirl flowdislortionscausecircumferenlial
variationsin lhe rotor exil lotal pressuredistril>utionaboul lhe <'ircunfferenceof lhe engine.
An illuslration of the instantaneous rolor exil total l)ressure conl<)ur pallern is given in

Figure 10.12.

The mosl common method for predicting the effects of inlel distortion on compressor

performance is the compressors in parallel method (see e.g. [83]). This technique assumes

thai, in the presence of inlel dislorlion, each circumferential "'segment" of the COml)ressor

operales as if il were independen'{ of lhe other "'segments" of lhe compressor. All com-

l>ressor segments behave accor<ting 1o a common operating <'haracteristic. The local inflow

t>roperlies (defined bv the dislorlion paltern) define the local compressor seglnenl operaling

condition, and all segments achieve the same exit st alic pressure, Reasonable qualitative

agreemenl has been achieved with lhe compressors in parallel methodology. The fan exil

lotal pressure contour plane given in Figure 1(1.12 supports the basis of lhe compressors in

parallel theory. The exil total pressure pattern is essentially nOnlnoving in time, which in-

dicates thal the fan tends to ol)erate on lhe local "'seglllelll'" of the in tlow dislorl ion pal lern

wilhoul signi[icanl unsteady efDcls.
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Figure 10.12:Predictedinslantaneousnearfan faceinlet to_alpressurecontours for the

:\ t+;:_()07 engine simulal ion (Math=0.2, a_lgle of attack=30.0 <le_;rees).

Due to the rather larg.;e COml>ulalional expense associaled with calculations of this mag-

nil u<le, only a single opel'al ing point was analyzed with this model: however, it is apparent

thal a sig_;niticaltl number of" ol>servatiolls derived from lhe results of this analysis are con-

sislen! with <)bserved phenomena for compressors and turbofan engines. As hig_;h power,

low cost computer processors become more readily available, detailed configuration studies

may uhimatelv be performed usintz this analytical lechnique.
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Chapter 11

CONCLUSIONS

l)elail(,(l a('rodynainic pr(,di('lions wer<, ot)taine(I for various ('oinl)ressor endwall lrealmonl

conliguralions USilip_ an a(Ivan('(,(t 3-I) Navi(,r-Slok(,s analysis l(,chni(lu( '. Nunl('ri('al l)ound-

arv ('ondilions (l('v('lol)('d in('hl(lo a (lir(,cl couple s('heln(' for ('ir('ulnfer('nlia[ groov(' (,ndwal]

Ireal in(,nls, aii (mdwa.II I r(,al inenl 1iln(,-avorag;o apliroacii i<)r l)i'odi('lilig stea.dv slat(, flows for

(lis('r0i.(, slolte(1 (,n(lwall troalili('nl s, all(I a. lilll(,-a('cural(' illlorfa('(' l)roc('(hlr(' for pr(,(ti('iiiig

lillle-dOpOlldeilt airfoiltendwall l['ea.llllelll a.erodvnallliC illtoracliOliS.

Tile a lialysis of lhe M IT st al.oi" denioiistralod l.lie sial)ilily o['Ilio endwa.II lrealinonl linio-

averag;e I)oundar,v condil ion. bul the nunierical results hidica.ied lhaI for I his low speed flow.

Ilio Imnoficial eft_ocls of lhe ii'ealnienl were sonlewhat underpredicied 1)v tho analysis. This

discrepancy was lhoughl lo t)e duo 1.o tile circuniforeniial averaging procedure used in lhe

nunierical apl)i'oxhnal ion.

Tlio analysis was subsequently applied to a high speed tlow case ulilizing lhe NASA

l{olor 5 7eoiiiolr.v wiili skmved axial slot casing troaliilenl. :% detailed analysis of lhese

I'OSlIIIS in(licale(1 lhal l he llUlllerical rl, l)reSelll, alioll of the (lis('r(,ie l l'Oa.l.lllOlll{S i)rovided all

adequale increase in lola[ leliiporalure (represenlativo of energy iilpli{ ), bill liol in lolal

I)I'('SSUI'(' (l'(_l)r+_'S('lll.al ivo o[" ('f|i('i('ncy).

:\ dolaile(I design (-onfiguralion sludy was t)erforlne(l for lhe AE:{()()7 fan rolor willl

cir('unlfer(,nl.ial groov(,, axial slot, t)la.(l(, anglo slol, and enlt>ed(led Vail(, endwall lreatlnenls.

The resulls of t.h(' sludy indicaled lha.t circuniferential grooves sliould be used a.s a ('()llS(_l '-

valiv(, apt)roacii (niiilinlal loss ill efli(:iency) to enhall('e stall lllargill, and lhal a(ldilional

siall inar_in iniproveinonl would iiiosl effe('lively I)e afforded by axial slols.

A liln('-d('l)('n(l('nl analysis of lhe NASA Rolor 5 g(,oni(,l ry wilh skewed axial slol ('aSilig

lroallllOlil clearly illuslrate<l tim illlei'lliil.l.elil, thno-(tel)on(lenl nal:tlre of l.he recir('ulaling

flow t)atlern for discrete slot endwall treal, lnents. The effecl of llle flow renioval/hijoclion

process was relaled to thai of a "'hoosier sla.ge'" wilh the resullanl effect of providing

additional Oli('l'g.v inl)ul for the high loss. lligh blockage clearance vorlox aud ll('ar rolortip

flow.

A llnlo-del)elidelil sohilion of lhe aerod,vna.nlic iliteractioli t)elween lhe AE:_I0()7 fall rolor

aild all enlbedded ValiO casilig lreal.liiont witli a 1:7 rolor blade lo iroaliiiolil ratio airfoil l'al io

was lierfornied a.l lit(' uiilroaled rolor liear stall condilion. Thne-averap_ded rosuil.s fronl lhe

UliSloa(I.v aiialvsis showed favorable a_roolilenl wilh sloadv slat(, resulls ushl K lhe endwall

lreailnelil l ilile-av('raget)oulidai'y COlidil.ion. Tlieiinie-dopondolil analysis hidicaled a l iine-

det)endoni t>eriodic VOl'l ical Ilow slrucl uro iiear lhe rolor lip, a lhough lhis was adniilledlv

a ralher oxlrenio geonieli'ic det)arluro front lho orig;ina.l dosip_;ii.
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The <lisrei>encies between the endwall treatment time-average prodiclions and the avail-

able experimental data imply that additional developments are re<luire<l for this lype of

boundary condilion before accurate design analyses can be performe<t. II is clear that

._om_ of the beneficial eflk'cl.s of tile discrete slot endwall treatments rosull from a truly

time-det>endent flow structure, in which case only the time-accurate solution scheme can

be expected to accurately capture this flow consistently.

The advanced lwo-equation (k - 'P_) turbulence model was implemenled into the AD-

PA ('07 analysis an<] was found to provide superior predictive capability tbr a shock/boundary

layer interaction induced separated flow tes[ case wl|ell compared to the existing algebraic

(Baldwin-Lomax) turbulence model. The (k- _) mo<M was relalivelv well-behaved, al-

lhough solution times are still considered too large for i)racti<'al production FUllS.

The iterative implicit algorithm was successfully added to the A DI"A('07 code and

demonstrated for a ,mmber of tlows. Significant improvement i,, lhe analysis was observed

when a more "fully implicil'" fornmlation was employe<l. The algorithm in it "s present slat<,

is considered unconditionally stable (based on linear stability analysis). I>ut was found to

deutonstrate unstable behavior under extreme flow conditions. The stability of this analysis

requires further study prior to widespread use.

The ilnl)lmnentation of non-reflecting boundary conditions in the .41)t_A ('07 analysis

was relatively straightforward, and several test cases were employed to dmnonstrate the

usefulness of the non-reflecting boundary concepl.

Perhaps the most su<'<'essfill asl)ecl of this study was the co<le parallelization effort and

lhe application of domain decomposition parallel computing using workstation clusters as

a virtual paral]el conll)uter. This fealure of the co<to was used consislentlv 1o solve several

rat her large COmlmtalional problelns wit h minimal corn putational hardware investment.

('omputational results for lho AI';3()07 fan rotor both with and without endwall treat-

menl and with and without tip radial distortion were correlated wilh available exl)eriemntal

test data. The effects of tip radial distortion on rotor spanwise ttow properties was accu-

rately captured. Tile beneficial effects of the circumferenlial groove endwall treatmenl were

<lireclly related to the reduced blockage near tile en<twall due to vortex segmentation and

t>lade passage shock reposilioning.

Time det)endent predictions were performed for the AE:_007 fan rotor both with and

without circumferential groove en<twall trea,tnmnt for a harmonic <'ircumferential distortion

t)at, terll. The comt>utational results verified nla,nv assumptions utilized in parallel coml>res-

sor models of circumferential (listortioll for COml)ressions systems. The al)l)arent beneficial

effects of tile circumferential groove en(Iwall t reatlnent s were thollgllt to I)o due to essentially

steady state flow physics.

Finally, a time-dependent analysis of the AE3007 turbofan engine operaling with inlet

distortion due to angle of attack was performed. The analysis inch|deal both internal and

externa[ flow, and geometric models of the bypass vane and core inlel guide vane were incof

porated. The calculations demonstrated sew, ral interesting (_,at ures of realistic engine inlet

<list ort ion patterns including ['a|l/<listortion aerodynamic inl.eraclion, and local incidence

effects due to angled inflow on rotor pel'fornmnce.
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Appendix A

ADPAC07 Utility Program

Developments

Several AI)PA('07 utility programs are described in lhis secli<m. These programs were

develol>ed during; tile course of vhis study to siml)lify the al)l)lica! ion of Ill(' .4 l)l'.l ('07 code

for many COml)lex probleu>.

A.1 PATCHFINDER Utility Program

An _t DF.il('ul fitly program was <levelol)ed 1o aid in the cousl ruction of 1)oun<lary condi!ion

files for complex, inlerconne('le<l multiple block mesh systems. The new utility, named

I_AT('HI.'INI)EIL reads in an ADFA(' mesh (a I>LOT3I)binary multiple-block gri<l) an(t

<l(qermines whi('h t>locks share matching faces. As l he grid is read, the faces are s(ripe(t ()if

in! o a sel)arale array. Individual poinl s on these faces are coml)ared unt il a "'poinl'" match is

found. Nei_;ht>oring points are then compared to find a "'cell" match. This also detel'lnines

the relalive (lireclions of tile matching indicies. From this cell 1hatch, a common face area

is swel)l out an<l a PATCH boundary condition statement is written using lhe bounding

in(li<'ies of lhe comn|on face area.

After all the PATCH specifications have t)een writlen, any remaining surfaces no!

accounted for will have a solid surface wall (SSVI) boundary condition written out. This

allows the user to simply replace a few solid wall statements wilh tire proper inlet and

exit I)oundary con(lilions and sta.rl running. The I_.4TC'HFINDEI? user inpul file contains

al)proxinlalel.v let, variables to <'ustomize a P.I TC'HFINDER run 1o each grid all hough many

grids ('all I)e pvocesse<l without special inl)ut. Since the majority of l)oundary con(litions

i)rescril>e(l for rodS| geometries are block t)alches and soli<l walls, running /)A T('HI,'IXDICR

will greatly simplify lhe generation of a boundary data file.

Several melho(ls were iml)lemented to accelerate lhe PAT('Ht"INDER search an(l con>

i)are l)rocess. Some of these metho(ls include using multi-grid and boun(ling cut)e limils. If

a mesh is crealed I<)I)e run wilh ADFA(' using multi-grid, this can also be used I<) a<'celer-

ale t:t "I'('tfF1XDER since boundary conditions must t)e cons]slel|t across mull i-grid levels.

Each level of mulli-grid decreases the numl)er of face points by a faclor of-l: therefore, with

3 levels of mulli-grid a de<'rease in run lilne of roughly sixteen limes cart I)e expel'ted. The

boundillg cube limit method ('reales a limitir|g cul>e enclosing all the cell cenlers of a I)lock

face. Before any individual face l)oints are <'hecke<l. lhe covresl)on<tin_; I)oun<ling cubes are

che<'ked f<)r inlerse('lioII. If the cubes do not hltersecl, lhen no matching points are t>ossit)le:
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Test Case Grid

2-D Axisymmetric

Seal Cavity (Phadke/Owen #5)

Grid
Points

5,438

Block
Faces

36

Multi-Grid
Levels

3

PATCH(es)
Written

12

Elapsed
Time

0:02

O-Grid Capped 34,595 18 1 16 11:14
with H-Grids

Combustion Can 160,040 72 3 72 0:07

Exhaust Mixer 197,190 36 2 22 1:23

Vane Blade Interaction 232,645 30 3 30 0:19

259,777 258 2 214 1:05Rotor-Stator-Rotor

with Seal Cavity Grid

(Unsteady, Multiple Pitches)

Airplane 483,876 618 1 808 16:31

AE3007 Fan with 642,479 21 3 50 1:46

5-Groove Casing Treatment

715,001 90 3 62 1:44Rotor-Stator-Rotor

with Seal Cavity Grid

Figure A.I: At)t)roximate wall clock run times for various PAT('tlFI:fDER lest case con-
~

figurations run on a Silicon Graphics 4D-35 workstation (5 MFI,OP).

this greatly reduces tile tlllillber of individual point searches.

Several test cases were run using PAT(WFLVDER. These included both 2-D and 3-

D geometries with and without multi-grid. Each of these runs was timed to evaluate the

efficiency of the program. The resulting approximate wall clock limes are shown in the lable

in Figure A.1. All cases were run on the same machine under similar conditions so that

relative comparisons can be made. Most of the test cases using multi-grid finished in under

two minutes. One of the largest and most complex test cases was based on a mesh with over

4S0,000 points and over S00 matching faces. PA T('HFINDEI? was able to correctly identify

all tile patches in under 17 minutes (on a Silicon Graphics 4I)-35 workstation) as opposed

to the approximately two days required to correclly spe<'i[_" the PATCH connections t)y

hand. The P:t T('HFINDER time was limited in this case since tile grid contained only one

level of multi-grid. From tile times recorded in the fable, the advantage of using multi-grid

becomes apparent.
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